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(S7) Abstract: A spectral inlerfetooietTy 
apparatus e«l method is loovided to 
ananb^aoBS pnodStes (A - icans 
em of mitnr tans) of die i«fl«ctivity 



jnovide oatpftt in a selected aileral 
optkal p^ diSeieiKes. The sppannn 
comprises object optics Sat tetstt^ a 
beam frwa m optical smace to a ta^ 
olqect (35) to prodace an object bewn and 
teAarraKc (^ptks that psodmce a lefttence 
b<am. IXsplacing meiffls (57) 
IHDVided to prodnes (g) betwera ttw 
object beam (41") aid the re' 
(42'). Optical H 
(7) such as B gi 



reaisi« dbment sadt as a CCD. The 
co[ttlttntfi<m of die displacing means and 
the optical spectmm disprasng itteans 
cie^s »i kitrinsic optica! delay between 
the waveiniins of the object beam and 
die leferrawe besan wWdi can be used 
m&i the optica! p^ differmce in the 



spectnan fat the optical path difference in 
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SPECmAL INTEKFEROMETjRY MEIHOD AND APPAJtATOS 

Hie present invention relates to a spectial interferometry apparatus and mefbod, whidi 
can be used to snpply ■unambiguous profiles of the reflectivity versus optical pafh 
difference and recognise positive from negative values of optical path difiTer^u^. 

There is a growing interest in the application of low coherence interferometry in the 
Icneral field of sensing. Low coherence interferometry methods provide absohite 
distance measurements and are well suited for imaging rough reflecting surfaces or 
producing sb'ces in the voltnne of diffusive and scattering media. There are difTorcsit 
, methods which obtain depth resolved information using low-coherence optical soT]it»8, 
and one such method uses dispersion of the spectrum. The periodicity of 1i»e channelled 
speclxum is proportional to the optical pafh difference (OPD) in an inteifeiometer, as 
described as long ago as 1837, as the so called "curiotis bands of Talbof*. Rnsent 
presentations of such an old phenomenon are reported by AX. Xmg and K. Davis in 
*Tbe Curious; Bands of Talbot" published in the American Journal of Physics, vol. 39, 
(1971), p.l 195-1 198 and by M. Paikca: Givens, "Talbot's bands", American Journal of 
Physics, 61, (7), (1993), p. 601-605. 

DianneUed spediuni methods have been used in fhe sensing and fibre 
field. Recent implementations have used pliotodetector or CCD arrays to display ttie 
channelled spectrum, as disclosed in "Channeled Spectrum Display using a CCD Anay 
for Student Laboratory Demonstrations", publi^ied by A. Gh. Podoleanu, S. Taiplin, D. 
J. Webb and D. A. Jackson in &e European J. Phys, 15, (1994), p. 2664271. 
Channelled spectrum has also bees employed in a method called "spectnsd optical 
cdier^ce tomography" (SOCT), as disclosed in "Coherence Radar and Spectral Radar - 
New Tools for Dematological Diagnosis", published by G. Ilausla- and M. W. Lindner, 
in J. Biomed Opti<», Jan. 1998 D, Vol. 3 No. 1, pp. 21-31 and discIoiKid in the jfollowing 
patente: US 4,932,782, GmnneUed light spectrum measuremexLt m^d and device, P. 



wo 2005/04071* 



PCT/GB2004y004351 



2 

GraxBdorge; US 5,317,389; Method and apparatus for white-Hght dispersed-ftic^ 
interferometric measuremerit of corneal topography, Hochberg et al. Further such 
methods haveheen dsclosed in US 6,072,765, Optical Disk Readout Metiiod usii^ 
Optical Coherence tomography and Spectral Interferometry, by J. P. RoUaud aiid P. J. 
Delfyett. The advantage of the spectral methods is fliat the OPD iiifomiation is 
translated into the periodicity of peaks and trou^ in the channelled spectrum and no 
mechanical means are needed to scan the object in depth, in for example, optical 
coherence tomogr^hy (OCT) of tissue, Furthennore, no medmacal means are needed 
to explore the OPD in multiplexed sensor airays in such me&ods. If multi-layered 
obj«;ts arc imaged, such as tissuej, each layer will imjuint its own channelled spectrum 
periodicity, depending on its depth, with the amplitude of the spectmm modolatian 
proportional to the square root of the reflectivity of that layer. A fksi Fourier transfona 
<FFr) of the spectrum of a charge coupled device (<X!D) signal translates &e 
periodicity of tiie channelled spectrum into peaks erf" different firequeaocy, with the 
frequency directly related to the path imbalance. Such a profile is tenned as an A-scan 
in OCT, i.e. a profile of reflectivity in depth. 

A possible bulk implementatipn of aprior art SOCT apparatus is shown in f^ig. 1. fe this 
arrangement, an optical beam from a source 1 is collimated by a collimatti^ element 2, 
which could be a simple lens or acfaromat, or a mirror or comlnnation of leasses ci 
mirrors, to form the bMon 3. The beam 3 is then directed towsnls abeam-isplitta'4. The 
source 1 is broadband and nwy be for example one or more Hjjit emitting diodes, 
superluminiscent diodes, bulb lamps or short-pulse lasers oomJjinod to prodnce the 
largest possible bandwidth and minimum spectrum ripple by to:3]iiiquK known in the 
art. The source 1 has a central wavelengfli suitable for the particular ob^ to be 
investigated. For the investigation of a patient's eye using CXJT, a wavelei^ inthe 
near infrared, such as 800 to 900 ran is used. For examining ddn, a waraien^ of 1300 
nm may be used. For sensing applications, wavelengths in tJM teleconmninication baiwi 
of ISOO nm are preferably used. 

The light received by the beam-splitter 4 is split into a jBrst optical path 41 leadii^ to a 
mirror object 5, and into a second optical path 42 leading to a reference miixor 6. After 
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xeflection on the two xruirms 5 and 6 and after crossiBg the beam-splitt^ 4, flie rssultii^ 
two beams are superposed on an optical q.ectrmn disper^ meajK, 7, for spectral 
analysis. The optical spectrum dispersii^e means 7 coidd be one or more diflBraction 
gratings, one or more prisms, or combination of prisms or gratings. In the optical 
spectrum dispereing means 7 the spectrum is dispersed (when using a prism or prisms) 
or diffiacted (when using a diflSaction grating or gratii^), and a fan of rays with 
different wavelengths is output. This is subsequently focused by a focusing element 8 
onto a reading element, a linear photodctector array or a CCD linear array 9; An 
electrical spectrum analyser 91 provides the FFT of the sigiwl deUvered by the 

49. 



ThedistancefiomthebeamspUtt«r4tothemirror5isdenotedbyZ.However,inother 
priQrartairangements,inwHchthemiiiorisreplacedbyathi«dcscatterii>&muW^^^ 
object, Z is the distance from the beam spHtter 4 to a scattering point or layer witinn the 
object IMS means that the object path is 2Z. The dit^ance between the beam splitter 4 
and the mirror 6 is A" . which means that the length crfthe reference path is 2X1 
■nie channened sqpectrum periodicity depends on the OPD. defined as: 

Consider the arrangement in which the minor 5 is replaced by a thick scattering multi- 
layer object In this case, as the periodicity depends <m «ie modulns of &e OPD, 
scatters or layers symmetrically placed around Ae position at which the OPD is zero 
give the same periodicity in the diamielkd spectrum. If Fourier transformed, besides tlie 
terms coiresponding to the useful range of OPDs, symmetrically placed terms are 
obtained, often referred as mirror t^ and a problem associated wifli Fourier domain 
OCT can be termed as the problem of miixor terms. This introduces errras in the dcpfli 
profile of the OCT system used for imaging. Equival«itly when channelled ^eclrmn is 
used for sensing, there is a cross-talk of signals ftom sensors placed at fte same value of 
OPD either side of the zero point Therefore, aU the prior art ^ectral (Fourier domain) 
OCT methods discussed above rely on an adjustment of the object position in smdi a 
way that the scattered in the depth of the object are confined within a sii^e sign ran^ 
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Of OPDs. i.e. dther positive or negative. Sudi m a^ustmmt conqjKcates the 
measwanent procedure, and may not be appHcable in aU situatioiis. 

For the purposes of tins description, the OPD in flie interferometer will be defiBsd as the 
Object Pa£h Lengfli nnnus tiie Refermce Patti Length. For example, if the object to be 
examined is the retina, then the origin of OPD could be set somewhere in the vitreous, 
in fimt of the retinal nerve fibre layer. This will mean feat the retina scatterers are all at 
positions such that the OPD is greater than zero. However, tflhe vitreous has defects 
witiiin the same path range, then these defects wiU ^ar in the final dq)th profile of 
the retina. Thus, a need exists for procedures to eliminate the peaks outside the 
interesting range, or to make the systan sensitive to the sign of the OPD. 

A method called "phase shifting spectral inteiferometry" has recently been introduced 
to eliminate the for one sign of the OPD range, in older to address th e ^bl« n of 
mirror terms. By introducing exact phase shifts between the two optical interferometer 
paths of successive CCD flames, and combining the spectra ooUected. it is possible to 
reduce the noise as well as eliminate one of the autocorrelation terms in the electrical 
Fourier transform spectrum oftheCCI> signal (for positive or negative OPD). Ti«! 
method allows correct reconstruction of layers in depth. However, phase sWftiiig 
spectral interferometiy has the followmg disadvanta^ The phase shifts have to bo 
accurate to within a few degrees, which requires precise control of the movement of the 
reference mirror. Also, because tiie final spectrum is deHveied only afl«: at least a 
number Mof spectra are coUected, the process is ilf times slower timconveational 
methods. A method of phase shifting spectral interferometiy using five. steps was 
disclosed in: "Fourier-domain optical coherence tomo^hy: next step in optkal 
imaging", by M. Wojticowski, A. Kowalczyk, P. Targowsid, L Gorozynsfca, piAlished in 
Optica Applicata. Vol. XXXD, No. 4, (2002), p. 569 - 580. When using this mefliod. 
five frames are required before providing an OCT image. However, tiie most inqKartant 
disadvantage associated with phase shifting spectral interferometry is movement of tiie 
object being examined, for example tissue. Movem^t of the tissue being examined 
aheis the value of the phase shift and has the effect of bringing back the tenns fijrthe 
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sign of OPD (i.e. positive or negative) which otherwise would have be^ cancelled by 
ihc phase shifiing metiiiod. 



Ite paper entitled "Theoretical Study of Talbot-likc Bands Observed Using a Laser 
DiodeBelowThreshold".byA.(a.Podoleanu.S.Taplin,D.J.WebbandD.A. 

Jackson, pubHshed in J. Pme and AppKed Optics. Vol. 7. (1998), pp. 5 1 7-S36 and 
■Talbot-like Bands for Laser Diode Below Threshold", by A. Gh. Podoleanu. S. Taplin, 
D. J. Webb. D. A. Jackson, pubKshed in J. Pure and AppUed Optics, vol. 6. issue 3. 
(1997), pp. 413 - 424, both report about Talbot bands using laser diodes below 
threshold levels. The latter paper also introduces a modified MichdstmintafeitMneter 
and such an apparatus will now be described with reference 1o F^. 2. 

Figure 2 shows a similar arrangement to Kg. 1 . but wiUi the addition of two screens 20 
placed in the optical paths 41 and 42. Tlie two screens arc arranged to blodc out half Hie 
diameter of the optical beams 41 and 42. Explanation of opaation of the set-up in Fig. 2 
will be provided for the case when Ihe dispersing meaiis7isadifi&actiongr^ 

Consider ttie situation in wWchthebeam reaching the difllactiongraiing7co^ 
grating lines. By introducing two screens 20. halfway through into the two 
spatial separation of the two beams 4 r and 42' occurs. beams 41' and 42' are what 
is left out of the beams 41 and 42 after passing tteougji the beam-spUtlcr 4. 

Usually, for maximum visibiUty of the interference result, those skilled in flje art of 
interferometrymderstand that the height of the object beam41 has to be aiSnsted to b^ 

at the same height as the reference beam 42. This can be achieved by convaikiifly 
tating liie beamsplitter 4, mirrors 5 and 6, to canse the beams 41 and 42 after reflection 
on mirrors 5 and 6 to be at the same height with the incoming beam 3. The beams 3. 41 
and 42 are in the plane of the drawing. After introducing the two screens EO into the two 
optical paths, the resulting beams 41 ' and 42' ai^ parallel and relatively displaced in a 
displacing plane which in this particular case is identical with Ae drawing plane. Tbt 
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line connecting the centres of the two displaced beams 41' and 42' dia^in a direction 
perpendicular to the two teams is perpendicular to fee grating lines. 

Hie election in OFD can be explained by considering the two beams output of the 
interfe^meter as comprising a number of wavelets equal to the number of grating lines 
excited, in the mangement shown in Fig. 2, the screens 20 are introduced halfwi^ 
through the diameter of the beam and NI2 lines are excited instead ofN lines 
corresponding to the whole beam diameter, therefore each wave-train comprises Ntl 
wavelets. As consequence of the Bragg grating equation appHed for the first diffraction 
maximmn. there isadelayofXbetwe^ each wavelet and its nei^iboiir in ae wave- 
train. This means tihat each wave-iiain is 2^2 long. Due to the action of the two scie«a 
20, the two beams 41' and 42' are lateraUy displaced by ahaMameter of the initiai 
helm. In the same way there is a delay of X due to the Bragg equation fiom a grating 
line to the next grating line, there is an intrinsic initial delay of 

wave-trains diffiacte4 because the half diameter covers M2 grating lines. Therefoic, for 
the condition that the OPD is zero in the interferometer, the two wave-trains of lei^ 
mn after diffiaction incur an intrinsic delay of m/2. Ihis means that thdr overlq> is 
zero, which results in the chamielled spectrum visibility being zero. By increasing 4e 
OPD in the intci^meter, the wave-trains wiU overlap wWch results in a chamieHed 
spectrum. The mmimum measurable OPD is the coherence length of the source. Lc, 
when ai least two peaks are generated in the chamidled spectrum. The overly of the 
two wave-trains is maximum when the OPD in the interferometer equals WJ%, i.e. 
when the wave^trains are delayed by NW2. In other words, the OPD in the 
interferometer has totaUy compensated for the intrinsicdelay.lt win readily be 

to UiosB skilled in ac art that the overlap of the wave-trains reduces again when the 
OPD in the interferometer is larger, with the overly reduced to ze«) wh«r &e wave- 
ixmns ai^ delayed by their lenglh in top of the intrinsic delay. i.c. for a tot^ 

Nk which gives the maximum OPD range. 

The OPD created in the interferometer is not sufficient in «:der to explain bdiaviour of 
the apparatus in Fig. 2. The OPD created in fte interferometer combines with toe 
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intrinsic delay between the two lateraUydisplacedbea^^ 
toelledspectnnni^riodidty corresponds to the OPDinthei^^ 

As explainedinPodoleanu's p^ers mentioned above, delaying the two sides of the 
beam propagating to the grating results in a channeUed spectrum when ihe OPD m the 
iBterferometerhas aparticular sign only. Tliesep^e^ mate distiBCtionbetwe«itwo 
cases, d^ignatcd as L andR. 

In the L case, the angles at which the diffiaction grating 7 ia used and the position of fte 
screens 20 are such that ihe component ofthe reference beam 42' after diffiaction is 
ddayed by iVV2 behind Ihe wave left fh>m the object beam4r after difflaction.m 
means that an OPD in the Michelson int^erometer prodioces a chamielled spectrum and 
modulation of the CX;D photodetector signal as long as it is bdween zero a^ 

Inthe R case, the angles at which the diffraction grating is nsed and the position of the 
screens are such that the wavetrain ofthe beam 41' aftex diffraction is delayed by an 
intrinsic delay ^^2 behind the wavetrainofthe beam 42' afUx diffiaction.^^ 
that an OFD in the Michelson interferometer produces modulation of the CCD 
photodetector spectiam as long as it is between zero and 

If &e scre^is 20 are introduced into the beams 41 and 42 from &e other side, then &e 
beams 41' and 42' (Aange their position aft^ the beam-qpUttar 4 and the bd^avionr of 
Ihe system changes from fte case R to L and vice wraa. 

Similar explanations can be provided for other orders of diffiaction or forapiism based 

^ect«l analysing element In fact, Ihe Talbot bands have be^ observed usiiig aprism. 
Whmiising Ihe prism, the two incidentbeams are paraUdandmaplane defined by ti^ 
Bonnal to the incident surik^ and Ihe prismbisectrix-mfens of diq^ 
both beams are contained in the same plane, defined by fee normal to the csdtsiit^ 

and fee prism bkectrix. 
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This is the key element in iHq>lementing a spectral OCT which can produce coxrect A- 
scans even if the origin of OPD in the interferomet.^ is within the tissue. Ms is also the 
key element in selecting sensors m a multiplexed anay by ^ecliai low coherence 
int^rferometry. depending on the OPD coiresponding to each sensor. However, the 
implementation described in the Podoleanu's above reduces the power of the 
signal two times in each beam due to the presence of the saeens. Secondly, the low 
coherence somces are very sensitive to optical feedback and the Michdsott 
interferometer retmns Ught back to the source. Thirdly, the method of modifjdng the 
wave-train lengths in the two beams using the screens is inefficient, and the power is 
dependent on the position of the screens. Furthermore, disclosoie of 13» two 
Podoleanu's papers was restricted to the shnplificalion of the spectral terms encountered 
in theFourier transform ofthechamieUed^ectnmiwheaacavity low cohensncesou^ 

wasBsed. 

The object of the invention is to provide a spectral interferometry mettiod and apparatus 
that obviates or ameliorates the above described problems associated with conventional 



to general tenns in a first aspect there is provided a spectral intafeiometiy sppBOAm 
which comprises or is excited by an optical source. The optical source is arrai^^ to 
provide two beams, an object beam which interacts with an object, and a refeience beam 
arranged to have a path length of the order of the object beam pafli in order to eUdt flie 
interference effect to a workable extent. There may be some differences m the pafli 
lengths (optical path difference) especiaUy m multi-layer objects with sc^terii^ points 
at different depths. Mso the optical path difference may be purposely adjusted for 
various appUcations. The object and the reference beams are incident upon an optical 
spectrum dispersing means such as a diffraction gratii^ or prism or some other device 
aixanged to separate their spectral content. The object and reference beams are displaced 
laterally with respect to their paths such that they are incident on different parts of fire 
dispersing means surface whidi is arranged at an angle to their respective paths in order 
to provide spectral dispersion. Thus any optical path diiference tt^e&er with the 
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"intrinsic" path difference introduced by ihe angled dispersing surface wiU gener^ a 
channelled spectrum from the activity of iJie dispersing means. 

The ^paratus is airaoged such that substantially Ihe Ml power of the optical source is 
gmded along the object beam path and the reference beam path, tliis can be acMw^ 
for example by avoiding the use of screens inserted t» partiafly block the beams, and 
replace these for exan^le with reflecting mirrors, focusing lenses, deflectors such as 
acoustic deflectors, refracting devices, fibre optic cable guidance anangements, or a 
combination of these. By avoiding partial blocking of the beams, improved efficiency 
can be accomplished. 

In particular in a first aspect the present invention provides a spectral inteifcromeby 
apparatus, comprising an inteifeiometer adapted to be excited by an optical somtse. flie 
apparatus conqirising: an optical arrangement arranged to guide an object beam«sim 
the optical source to an optical spedram dispersing means, the object beam aaaaged m 
use to interact with a target object before being incident on the disposing nxanm Uw 
optical arrangement further arranged to guide a reference beam from flic optical souice 
to the dispersing means; said beams having nominaUy equivalent path lengOis but 1^ 
arrangement being operable to introduce a relatively small optical path diSOTJe 
between the obj ect beam and the refa^nce beam; the optical spedmm disperaii^ n 
arranged to disperse the spectral contents of flje re^ective beams inddeni Ihewon onto 
a reading element; the optical atrangemoit comprising separating means ananged to 
guide the obj ect beam and the reference beam such that tiicy are not co-t«raiinous xtpoa. 
the dispersing means, wherein the separating means does not«)mprisc screcDS to 
partially block the object and/or reference beams; wherein in use tte.coinbination of tiw 
separating means and tiie optical spectrum dispa:5ingmefflis is aaangedto createan 
intrinsic optical delay between the wavetrains of tiie olgect beam and liieRsferBnce 
beam; and wherein in use tte optical path difference combined with flie intrinac optical 
delay generates a channelled sp«tomi on &e reading elcmeoL 
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Preferably the separating means is airanged to perfonn one of the foilowii^ optical 
acticHis on the object and/or reference beams in orderto separate Ito^ 
dif&act; guide separately by means of fibre optic cable. 

Whea used for spectral optical coherence tomography, the method and apparatuses 
according to the invention provide cross section imag^ fice of niiiTOT taa^ 



According to a second aspect of the invention, there is provided a speclxal 
mt^erometiy apparatus, comprising an interferometer adapted to be excited by an 
optical sonice. the said interferometer comprising: object op&cs mmg^ to transfer a 
beam fiom the optical source toatarget object to produce an object beam; refcieiioe 
optics aimiged to produce a reference beam; displacing means arranged to displace at 
least one of tiui object beam and the reference beam to prodiK>eardath.dydi^lac«^ 
object beam andarelatively displaced reference beam; wherein there is an oirii^ 
differencebetweentherelativelydisplacedobjectbeamandtherelativd 
reference beam g^ierated in the interf^ometer; and optical ^trum dispersing meai« 
alleged to recdve the two relativdy displaced beams, and to di^e their spec^ 
content ontoareading element; wherein inuse the combination of fl«di^lacmgmeans 
and the optical spectrum dispersing means is arranged to create an intrinsic optical delay 
between the wavetrains of the two relatively displaced object beam and tiie fdatively 
displaced reference beam wMchcanbe used with the optical path differea^ 
interferometer to generate a chamieUed ^ectnim for ae opticd path difBs^ 
interferometeronthereadingelement;andwhereinthediq,ladngmeansis8d^ 
relatively displace the object beam and the reference beam to produce the rdalively 
displaced object beam and the relatively displaced reference beam using one or a 
combination of reflection, deflection, or refraction of at least one of^ object beam and 
the reference beam. 

Such an interferometry apparatus provides an efficient means for dig)lacing the obiect 
beam and flie reference beam, hi mibodimentsofae present invention the displaccmetf 
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can perfbnned by any combination of reflection, deflection and i^tion. Henoe, fee 
displacement does not reduce the power of the object and reference beams. 

Hie displacing means could introduce the relative displacement between tiie relati^^ely 
displaced object beam and the relatively displaced refer^ce beam by displacing eitiier 
the oldect beam or the reference beam, or both. Ifihe only the object beam is displaced, 
then the relatively displaced reference beam could be the same as flie unaltered 
reference beam. Similarly, if the only flie reference beam 15 displaced, then the 
relatively displaced object beam could be &e same beam as ttie object beam. 

•Therefore, it will be underetood that the use of the terms '^relatively displaced olgect 
beam" and "relatively displaced reference beam" does not exclude ^paratuses in which 
only one of the object or refarcnce beam is displaced. 

The displacing means may comprise at least two reflective elements, one of said at least 
two reflective elements being arranged to reflect the object beam and another of said at 
least two reflective elements being aixanged to reflect &e refer«ice beam. 

The displacing means may conqnise at least One acousti(W)ptic modulator fliat is 
capable of deflecting beams. 

According to a third aspect of the invention, there is provided a specJxal inteiftiometiy 
apparatus, comprising an interferometer adapted to be excited by an optical soiHca^ the 
said interferometer comprising: object optics arranged to transfer a beam from Ihe 
optical souree to a target object to produce an object beam; reference optics arranged to 
produce a reference beam; displacing means arranged to displace at least one (rflhe 
object beam and the reference beam to produce a rdatively displaced object beam and a 
relatively displaced reference beam; wherein there is an optical path diSerence between 
the relatively displaced object beam and the relatively displaced reference beam 
generated in the interferometer; and optical spectrum dispersing means arranged to 
receive the two relatively displaced beams, and to disperse their spectral content onto a 
reading element; wherein m use the combination of the displacing means and the optical 
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spectrum dispersing means is aiianged to create an intrinsic optical delay betweea Uie 
wavetrains of the two relatively displaced object beam and the relatively displaced 
refeence beam which cm be used with the optical path difference in the interferometer 
to generate a channeUed spectrum for liie optical path difference in the interferometer 
on the reading element; and wherein the object optics includes object fibre optics 
comprising an object fibre end Ranged to transmit the object beam and the reference 
optics includes reference fibre optics comprising a reference fibre end arranged lo 
transmit the reference beam and the displacing meaiK is arranged to move the relative 
positions of the obj ect fibre end and the reference fibre end in order to produce the 
i^atively displaced object beam and the relatively displaced Kforence b^ 

The displacing means may fiiriher be arranged to produce the lelatively displaced object 
beam and the relatively displaced reference beam by a combination of movh^ the 
relative positions of the object fibre end and the reference fibre end and any one 
combination of refiection, d^ection, and lefiactioii. 

According to a fourth aspect of the invention, th^ is provided a spectral interferometiy 
^paratus, comprising an interf«ometer ad^tedtobe excited by an optical source, lbs 
said interferometer comprising: object optics arranged to transfer abeam fiom the 
optical source to a target obj ect to produce an object beam; lefeehce optics arrai^ed to 
produce a reference beam; displacing means arranged Id displace at least ooc of tiie 
obj ect beam and the reference beam to produce a relatively dis^aced object beam and a 
relatively displaced reference beam; wherein there is an optical path diSsroioe between 
the relatively displaced object beam and the relatively displaced referraioe beam 
generated in the interferometer, and optical spectrum dispersing means artaaged to 
receive the two relatively displaced beams, and to disperse their spectral tsontent onto a 
reading element; wherein in use the combination of the displacing means and Ibe optical 
spectrmn dispersing means is arranged to create an intrinsic optical delay between the 
wavetrains of the two relatively displaced object beam and the relatively dig)laced 
reference beam which can be used with the optical path difference in the intcrfcromc*er 
to generate a channelled spectrum for the optical path differerKJe in the interferometer 
on the reading element; and wherein one of the object optics or the reference optics 
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includes fibre optics comprising a fibre end arranged to transmit a respective one oTthe 
object beam or the reference beam, and the displacing means is arranged to produce tiie 
relatively displaced object beam and the relatively displaced refereta^ beam by 
movement of the jSbre end. 

The displacing means may be iurflier arranged to produce fhe lelalively displaced objec* 
beam and the relatively displaced reference beam fay a combination of moving the fibre 
and and any one or combination of reflection, deflection, and refiactioo. 

In some embodiments, the displacing means is ad^ted to alter the diameters of at least 
one of the object beam and the referenoe beam. 

In some embodiments, means arranged to control the optical patti diflerenue in the 
interferometer may be provided. Means arranged to control the intrinac optical delay 
between the relatively displaced object beam and ihe relatively displaced refisfence 
beam may also be provided. Hie means arranged to control the optical path difference 
and the intrinsic optical delay nay ocaniirise processing mwas. 

The reading elemait maybe arranged to provide a signal to aagnal analyser, the signal 
analyser being ammged to detemnne the distribution of reflections or scattering points 
in a depth range within the target object The apparatus may be arranged to adjust flip 
depth range by adjusting the diameter of at 1^ one of the relatively displaced ob}Cct 
beam and the relatively disptoced refimicc beam. 

Means to match the polarization of the relatively displaced object and the relatively 
displaced referaioe beam with that of the optical dispersii^ nKsans may also be 
provided. 



to some embodiments, means to compensate for dij^ersion in the interferametier may 
also be provided. 
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The displacing means may adapted to relatively orient therdativeiy displ^ed object 
beam and the relatively displaced reference beam in a displacement plane. The 
displacing means may ad^ted to perniit adjustment of flie relatively di^la^ object 
beam and the relatively displaced reference beam until they become parallel in the 
displacemea^t plane. 

The displacement means maybe arranged to permit an adjustable lateral s»q>erpositioa 
of the two relatively displaced beams in the displacement plane onto the optical 
spectrum dispersing means in order to enhance the straseBi of the signal for smdi 
optical path difference values, wherein the lateral superpositian is fiom partial 
suiwrposition to a total overly. 

Hie displacing means may be adapted to relatively orient fte relatively displaocd object 
beam and the relatively displaced r^erence beam such that Aey hit different portiojis of 
the optical spectrum dispersing means. 

The optical spectrum dispersing means may comprise any one of or comWnatioii ot a 
diffiaction grating, a prism; a group of prisms; a group of diffraction gratiiigP. 



The optical spectrum dispersing means may comprise a diffraction 
grating lines of the diffraction grating are perpendicular to a Ime comiectiDg flw centre 
of the relatively displaced reference beam and the centre of the lehitively di^laced 
object beam. 



The optical spectrum dispersing means may comprise a prism includii^ an e 
surface, wherein a line connectmg the centre of the relatively displaced reference beam 
and the centre of the displaced object beam, is within the plane by fee iKMmal to 

the aitrance surface of this prism and its bisectrix. 

The reference optics may comprise at least one reflector arranged to provide a refeencc 
light source by reflecting a beam of the optical source, wherein the positi<m or lilt of fte 
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reflector can be adjusted m order to cobItoI tiie qjtical pa& diferaice of the relatively 
displaced object beam and the relatively displaced rda«nce beam. 

Tbe reference optics may be arranged to transfer m optical beam foan the optical 
source to fihe displacing means along via fibre optics or via reflectors airai^ to 
prevent light form being seait back to fee optical source. 

The object optics comprises a first zoom element arranged to alter the diameta of fte 
object beam. A third zoom element may be provided to alter ihe diameter of Ihe 
relatively displaced object beam. 

The refaence optics may comprise a second zoom element arranged to altex the 
diameter of the reference beam. A fourth zoom element maybe provided to alter«ie 
diameter of the relatively displaced lefcaroice beam. 

The displacement means maybe arranged to create an adjustablegap between the two 
relatively displaced beams in order to adjust the rmnimum optical path dififonsice value 
for which a modulation of the optical spectrum could be sensed at the reading element 

By allowing some overlap of the two laterally displaced beams, the si^ for smafl 
OPD values is enhanced. This maybe desired in those cases where the OPD - 0 
position could be placed within the multi-layer object and feere is a lack of scattering 
points on one side of Ihe OPD -0 depth. 

The interference between the two relatively displaced beams in the interferometer may 
take place mtirely on the said reading elemrait 

The interference betweai the two relatively displaced beams is arranged to take place 
partially on the said reading elemwit and partially on flie said optical q)edrum 
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Hie displacing means may be arranged to adjust tbe amoimt of lateral sin)rapositioil of 
the said displaced beams in order to enhance the strengOi of the sigoal kat small optical 
path diSei^ce vahies. 

The processing means may be arranged to control the displacing means in order to 
adjust the gap between the relatively displaced object beam and the relatively displaced 
reference beam in order to alter the minimnm optical path difference value for which a 
modidaidon of the optical spectriim could be sensed at the reading element. 

The object optics may comprise a scanning element, the scamuDg element being 
airanged to scan the target object. The scanning element may be arranged to perfonn 
any one of combination of: linear scanninK raster scamiing; eUooidal scamung circular 
scaniung; or any other midom shaped scaimii:®. 

The scamnng element can be used to obtain cross section images from Ihe inside of tiie 
object which are free of the mirror tenns. By repeating the acquisition of cross sections 
at different transverse positions, several raoss sections from inside the object canbe 
acquired which subsequentiy. by software means are used to reoonstruct a 3D vohmie of 
the object free of mirror tetBM. 

Focusing elements maybe provided in flie object optics to Oihance tte signal streogfe 
from a particular depth within the object. 

The interferometer may comprise an in-fibre or abulk interfaiometer or a hybrid 
inteifeirometcr of in-fibie and bulk COT^KHMOls. 

The said opticd source may be a kw colMrence soBrce. 

The reading element may comprise: a photodetector airay; aCCD linear array, a two 
dimensional array of photodetectors; a two dimensional CCD anay. or a point 
photodetector over which ti»e dispersed apectrum is scanned. 
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In some embodiments, the apparatus fuithex comprises: beam ^littmg means aixai^ 
to receive the object beam and the reference beam and to produce a second object beam 
and a second reference beam; second displacing means arranged to displace at least one 
of the second object beam and the second reference beam to prodiKje a second relatively 
displaced object beam and a second relatively displaced reference beam, second optical 
spectrum dispersing means arranged to receive Uie second relatively diq>laced object 
beam and the second relatively displaced reference beam, and to disperse their spectral 
content onto a second reading clement; wherein in use the combination of flie secoiid 
displacing means and the second optical spectnim dispersing means is airan^ to 
create a second intrinsic optical delay between the wave&ains of the second relatively 
displaced object beam and the second relatively displaced referraice beam which can be 
used with the optical path difference in the mterferometer to generate a channeitod 
spectrum for the optical pafli difference in the interferometer on the second reading 
elemoiL 

The second displacing means maybe adapted to produce tto seamd relatively displaced 
object beam and the second relatively displaced i^rence beam by usmg one or a 
combination of reflection, deflection and refraction of at least one of the second object 
beam and the second re&fencebeani. 

The optical spectrum disposing means and the second optical dispersing means maybe 
oriented in such way that in combination witii their respective rdativdy displaced 
object beam and relatively displaced reference beam, Ihe spectrally dispersed beams 
from the optical spectrum dispersing means and the second qptioal dispersing means 
exhibit intrinsic delays of opposite sign. 

The second reading element may be arranged to provide a signal to a second signal 
analyser, and apparatus may provide a profile of reflectivity versus optical path 
difference for the target object covering both signs of optical path differraice values on 
the basis of signals ouiput from the signal analyser and Ihe seccaid signal analyser. 
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■nie second optical dispersing means may comprise a diffiraction grating or Ratings, tbe 
diffiaction grating or gratings being arranged to difect orders of opposite sign to the 
said reading element and the said second reading elraneot. 

The optical dispersing means and the second optical dispersing means may eadi 
comprise one or more prisms, the one or more prisms being airanged such tiiat fto 
relatively displaced object beam or the relatively displaced refereiK* beam is closest to 
prism apex in the optical dispersing means and the second relatively displaced reference 
beam or the second relatively displaced object beam re^ectively is closest to the prism 
apex in the second optical dispersing means. 

In some embodiments, a signal output of each of the reading element and the second 
reading element is sent to a separate frequency to amplitude converter, and Use 
apparatus is arranged such that the output of one frequency to ampUtade converter is 
summed to an inverted output of the other frequency to ampKtiide converter in order to 
provide a signal strength proportional to the axial position of a single layer olgect 
iiiespective of theOPD sign. 



In some embodiments, the apparatus further comprises: third beam spUtting n 
arranged between the displacing means and the optical spectnmi dispersing n 
beam splittingmeans being arranged to receive the relativdy displaced object beam 

the relatively displaced reference beam to produce a ftird relatively displaced object 
beam and a third relatively displaced reference beam; third displacmg means anrai^ed 
to adjust the relative displacement of at least one of the third relatively displaced object 
beam and the third relatively displaced r^erence beam; third optical spectrum 
dispersingmeans arranged to receive the third relatively di^laced object beam and fee 

third relatively displaced reference beam, and to disperse tiieir spectral content onto a 
second readmg element; wherein m use the combination of the thhd displacing means 
and the third optical spectrum dispetsii^ means is arrai^ed to create a third intrinsic 
optical delay between the wavetrains of fee third relatively displaced object beam and 
the tiurdrektivdy displaced reference beam wMch can be used wth the <^tical path 
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difference in the interferometer to generate a chameUed spectrum for fte optical path 
difference in the interferometer on flie third reading clement 

The tidrd displacing means may be adapted to adjust the reMvcdisplac^^ 

one ofthe third relativdy displaced object beam and the thirdrelati^^^ 

refer^ice beam using one or a combination of reflection, deflection and KSftaction of at 

least one of the third relatively displaced object beam and the third rela^^^^ 

reference beam. 

For a sufficiently large gap between two displaced beams, amaximmn of sensitivity is 
registered for a certain optical path difference in the interferometer within the d*|)tti 
interval range which corresponds to a depth valne. dw in the object Focussing eiemente 
may be adjusted to create a focus wMch: i) coincides with dM. in order to cieate a 
narrow prome of the sensitivity versus optical p^diffeimce in the interferometer and 
depth in the object; ii) differs fern d*, , in order to iiatten the proffle of the 
versus optical path difference in the inta^rometer and Aepih in the object 

The source may bealow coherence source the oirtput of which is send wifhadefe^^ 
repKcaby means of an optical di^licating domeiit 

For an object to be investigated having a thickness less than half of the depth rangp of 
the apparatus, the output of the low cohenace somce may sent to the ^ectral 
interferometry apparatus together ^vith a delayed repKca, via an optical dopUcating 
element, which generates a differential delay smalls than the maximmn (spticalpath 
r^ge to which the apparatus is sensitive, or preferably, close to middle of ttris range. 
Ihe gap between the two displaced beams may be adjusted 1^ than the sm of «»dr 

radiuses, in order to make the apparatus sensitive to the depth rai^e of OPD to 
which the apparatus was insensitive before the introduction of the differential delay, and 
the OPD vatoes rej ected without the differoitial delay ^^)ear in the range interval 
(Maximmnd^thrangeoffeeapparatusminusthedifferential delay- Maximumdepth 

range of the qDparatus). 
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lT,eopticddupli<^tmgelemeirtmaycompriseafirstsmgtei^^ 
outputs are collected to two inputs ofasecoiuismglen«)de colter in ord^to 
the dcfeyedrepBcaoft!^ optical somce. This may aeat«adciayedrq,ficaom 
source delayed by the differential delay between the two leads co^me^ 

the secoiKl sin^e mode coiqtler. 

n.e optical dupHcating element may comprise a transparent optieal material in the &m 

ofaplate with parallel smfaces,wMchis introduced halfv^thmug^ 

the opticd source in suchaway thai its edge is paraUd to the displaoement plane. 

IT^esouxcemaybealow coherence sour^comprisingalaserdrivenbe^^ 

llie cavity lex^ maybe smaUer than the maximum optical paarai^ to whidifl« 
apparatus is sensitive, or preferably,closet« middle of this rw.men,the^ 
between the two displaced beams is adjusted larg^thaa the sum of Ihdr radmses.fliB 
apparatus is sensitive to the d^th range of OPD sign to which the apparatus would be 
insensitive ifanon-cavity low coherence source was used, TlieOM^valuesngeC^d 
wheuusinganonK^avity low coherence source ^pear in tiH.«ng^iBterval<^^ 
de|,thrange of the apparatus minus fee optical laser cavity leuglh -lSla»^ 
range of the apparato). 

The opUcal soun» may . non-<»vity »un=e =xhiWti.« »temte pat. ta <^ 

.utoco.rdationta»ao„,andaediffara«Wdel^vd».«=onii^ 

of the OPD of the first satellite peak. 

Polarisationmodulators and waveplatesmaybeusedinfee object andt^^ 
or in &e said displaced object and referenoebeamstop«)vide Poland 

tOTnoefams, fiee of mirror terns. 



According toafiffe aspect of the invention, acre is providedasi^interf^^ 
method, con^,rising: using an interferometer to output an object beam and a reference 
beam; reflecting, deflecting or refiacting at least 01^ of said object beam and said 
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reference beam in oider to relatively displace at least one of the object beam and flie 
reference beam to produce a relatively displaced object beam and a relatively displaced 
reference beam, wherein there is an optical path difference between the reM^^^ 
displaced object beam and the relatively displaced reference beam generated in^^^ 
interferometer, dispersing the two relatively displaced beams according to their <^cal 
spectral content onto a reading element using an optical spectrum dispersing means; 
wherein the combination of reflecting, refracting oriefracting said object beam and said 
reference beam to produce a relatively displaced object beam and a relatively displaced 
reference beam and dispersing the two relatively displaced beams using a optical 
spectrum dispersing means leads to an intrinsic optical delay between the wav^trains in 
the two relatively displaced beams which can be used with fte optical patti difference in 
the interferometer to generateachannelledspectrnm for the optical paa differed 

the iDterferometo'. 

According to a sixth aspect of the invention, ther* is provided a spectral inttxferomehy 
method coinprisiiig an interferomet^ adapted to be excited by an optical Murc^ 

said interferometer comprising object optics and r«fera«e optics, the 
comprising;usingtheobjectopticstotraBsfexabeamfix,mtheopticalsomcetoata^ 
object to produce an object beam; using reference optics to prodnce ar^erenccbeam; 
using displacing means to displace at least one of the object beam and the lefexeoce 
beam to produce a relatively displaced object beam and a relatively di^laced icfemice 
beam; wherein there is an optical path difference between file relatively displaccdo^ 

beam and the relatively displaced refer^ce beam generated in the in1erftrom<^, airi 
using optical spectnnndispersingmeans to recdve the two relatively dig.lacedbe^ 
and to disperse their spectral content onto a reading element; vAcieinthecombinati<m 
of the displacing means and the optical spectrum dispersing meaiK is anai^ed to 
an intrinsic optical delay between the wavetrains of the two relatively displaced object 
beam and the relatively displaced referaice beam wMch can be used with the optical 

path difference in the interferometer to generate a channeUed spectrum for the optical 
paJh difference in the interferometer on the reading element; and wherein the displacing 
means relatively displaces the object beam and the reference beam to produce the 
relatively displaced object beam and the relatively displaced reference beam using one 
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or a combination of reflection, deflection, or refraction of at least one of the object beam 
and the i^orence beam. 

According to a seventh aspect of the invention, there is provided a spectral 
interferometry method, congjrising using an interferometer ad^ted to be excited by an 
optical source, the said inteiferometer including object optics and reference optics, the 
method comprising: using the object to transfer a beam from the optical source to a 
target object to produce an object beanu using refertaice optics to produce a reference 
beam; using displacing means to displace at least one of the object beam and the 
reference beam to produce a relatively displaced object beam and a relatively displaced 
reference beam; wherein there is an optical path difference between the relatively 
displaced object beam and the relatively displaced reference beam generated in the 
interferometer; and optical spectrum dispersing means arranged to receive the two 
relatively displaced beams, and to disperse their spectral content onto a reading element; 
wherein the combination of the displacing means and the optical spectrum dispersii« 
means is arranged to create an intrinsic optical delay between the wav^rains of the two 
relatively displaced object beam and the relatively displaced reference beam whidi can 
be used with the optical path difference in the interferometer to graerate a channelled 
spectrum for the optical path difference in the intBiferometer on the reading element; 
and wherein the object optics inchides object fibre optics comprisii^ an object fibre end 
airanged to transmit the object beam and the reference optics includes reference fitee 
optics comprising a reference fibre end arranged to transmit the reference beam and the 
displacing means moves the relative positions of the object fibre end and fee reference 
fibre end in order to produce the relatively displaced object beam and fee relatively 
displaced referoice beam. 

According to an eighth aspect of the invention, feere is provided a spectral 
interferometry method, comprising using an interferometer adapted to be excited by an 
optical source, the said interferometer inchiding object optics and reference qjtics, fee 
method comprising: using object optics to transf^ a beam from fee optical source to a 
target object to produce an object beam; using reference optics to produce a reference 
beam; using displacing means to displace at least one of tl» object beam and fee 
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reference beam to prodace a relatively displaced object beam and a relatively displaced 
reference beam; wherein there is an optical pafli difference between the rdatively 
displaced object beam and the relatively displaced reference beam generated in iie 
interferometer, and using optical spectrum dispemng means to receive the two 
relatively displaced beams, and to disperse their spectral content onto a readiiig element; 
wherein in use the combination of the displacing means and the optical spectrum 
dispersing means is aimged to create an intrinsic optical delay between 1^ wavetmns 
of the two relatively displaced object beam and the relatively disphicedrcferaice beam 
which can be used with the optical path difference in the interferometer to gpncr^ a 
channelled spectrum for the optical pafe difference in the interferometer the reading 
dement; and wherein one of the object optics or the refcraioe optics includes fibre 
optics comprising a fibre end arranged to transmit a respective one of the object beam or 
the refcraice beam, and the displacing means produces the relatively displaced object 
beam md the relatively displaced reference beam by movemrait of tiie fibre aid. 
and partially on the said optical spectrum dispersing means. 

Hie method may comprise using beam splitting means to receive fee object l>eam and 
the reference beam and to produce a second object beam and a second leference beam; 
using second displacing means ananged to displace at least one of fee second object 
beam and the second reference beam to produceaseoondielativdy displaced 

beam and a second relatively displaced reference beam, usmg second optical spectrin 
dispersing means arranged to receive fee second relativdy displaced object bean and 
the second relatively displaced reference beam, and to di^eise feeir spectral conteit 
onto a second reading element; wherein in use fee combination of fee second disj^acing 
means and the second optical spectrum dispersing means creates a second inteimdc 
optical delay between the wavetrains of fee second relatively di^lacedcto}ect beam and 
the second relatively displaced reference beam which can be used wife fee optical pafe 
differaice in fee interf^ometer to generate a channelled ^ectiimi for fee q>tical pafe 
he interferometer cm fee second reading elesnent 



The second displacing means may produce fee second relatively displaced object beam 
and fee second relatively displaced reference beam by using one or a combination of 
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reflection, deflection and refraction of at least one of the second object beam and the 



The method may comprise orienting the optical spectium dispeisiiig means a 
second optical disp^ing means in such way that in combination with 1heirieq>ective 
xelatively displaced object beam and relatively displaced reference beam, the speclraliy 
dispersed beams fiom Ihe optical spectrum dispersing means and the second optical 
spectnim dispersing means exhibit intrinsic delays of opposite sign. 

The second reading element may provide a signal to a second signal analyser. aiid1i» 
method Mer comprise providing a profile of refiectivily versus opti^^ 
forthetargetobjectcoveringbolhsignsofopticalpathdifferencevalncsonlhebasisof 

signals oulput fiom the signal analyse and flie second signal analyse. 

A signal output of each of the reading element and the second reading element may be 
sent to a separate frequency to amplitude converter, the apparatus being aiianged^ 
that the output of one frequency to ampKtude converter is sunmied to an inverted output 
of the other fi^uency to anqiUtude converter in order to provide a signal Strength 
proportional to Ihe axial position ofasingle layer object irrespective of the <^ 

The method may comprise using third beam splitting means arranged betweaiihe 
displacing means and the optical spectrum disp^ing means to reoave the relative^ 
displaced object beam and the relatively di^laced reference beam and to produce a 
ihird relatively displaced object beam and a third relatively displaced reference beam; 
using third displacing means to adjust the relative displacement of at least one of fte 
third relatively displaced obj ect beam and Ae third relatively displaced reference beaai; 
using third optical spectrum dispersing means to receive the third relatively displaced 
object beam and the third relatively di^laced reference beam, and to disperse th«r 
spectral content onto a second reading element wherein in use the combination of the 
amd displacing means and the third optical spectrum dispersii^ means is creates a third 
intrinsic optical delay between the wavetrains of the third relatively displaced object 
beam and the third relatively displaced reference beam vrtuch can be used wife ^e 
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optical path difference in the interferoraeter to generate a channelled ^ectram for tte 
optical path difference in the interferometar on the Hubtd reading elcaaatt 

The third displacing means may adjust ihe relative displacement of at least one oftte 
third relatively displaced object beam and the third relatively displaced reference beam 
using one or a combination of reflection, ddflection and refiaction of at least one of the 
third relatively displaced object beam and the third relatively displaced reference beam. 

The method may further comprise arranging the signal analyser and the second signrf 
analyser (or third signal analyser) in such a way that only two main peate are retained m 
total in the accumulated signal output of the signal analyser and the second sienal 
analyser (or third signal analyser), and detemiining the thickness of the object oo 3ie 
basis of the difference between the maximum and minimum fiequency of the two peaks 
arising at the output of one of the signal analyser and the second signal analysex («• 
third signal analyser) when no other signal exceeds a threshold at the output of the otiwr 
of the signal analyser and the second signal analyser <or tiiird signal analyser). 

The method may fUrther comprise ananging ae signal analyser and flie second sigiad 
analyser (or third signal analyser) in such a way that only two main peaks aie nSmned m 
total in the accumulated signal output of the signal analyser and the second si«inl 
analyser (or third signal analyser), and determining the thickness of the olgect on the 
basis of the sum of the extreme frequencies of the signal analy»«a- and the second signal 
analyser (or third signal analyser) when the signal exceeds a threshold only onee in the 
output of each of the signal analyser and the second signal analyser (or thnd signal 

analyser). 

A thresh-holding circuit may be mounted at the output of each of the signal analyser and 
the second signal analyser (or third signal analyser) to discard noo^ei^cntial peaks 
which i^resent noise and peaks from the target of smaller ampKtudes in such a way 
that only two main peaks are retained in total in accumulated signal ou^t of the signal 
analyser and the second signal analysar (or third signal analyser). 
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The novel features wMch are beKeved to be characteristic of the present invention, m to 
its structare. organization, use and method of operation, together with fijr&er objeoti^^ 
and advantages thereof; wiU be bett^nnderstood fiomae foUowingdrawii^s in^^ 
presentiy preferred embodiments ofthe invention will now be iUusti^by way of 

exami^ 



It is expressly nnderstood, however, that the drawings are for the pmpose of iHustration 
and description only and arc not intended as a definition of the limits of the inveatioii. 
Embodiments offhis invention wiU now be described by way ofexample in associate 

with ihe accompanying drawing in which: 
Fig. 1 shows prior art of a spectral OCT; 

Fig.2 shows apriorartapparatasin which the twosi&sof&ebeamsinsi^a 
Michelson interferometer are spSt in order to generate Talbot bands; 

Fig. 3 shows a first version of Ihe embodiment of an efficient optical configuration to be 
used in a spectral interferometiy apparatus selective in OPD in order to deliva im- 
ambiguons A-soans io a nnjlti-laycred <Agte^ 

Figure4 shows acomparison of depth profiles deliverod by fte prior art appanitos 
shown in Fig. 1 and the embodiment of tte invention shown ia Kg- 3. 

Fig. 5 shows a second embodiment of a spectral interferometiy ^paratus according to 
the invention that is selective in OPD which can deliver OCT B scan im^ or 3D 
volumetric data of a scattering or multi-layared object; 

Fig. 6 shows a third embodiment of a spectral interferometiy aj^aiatus according to the 
invention that is selective in OPD which can deHverOCTBscaaimag^ or 3D 

vohunetric data of a scattering or mnlti-layered object; 



wo 2005/040718 



PCT/GB2004/004351 



27 

Fig. 7 Shows a fourth embodim^t of a spectral interfexoia^ ^aiatus according to 

Fig. 8 shows a fourth embodiment of a spectral inteiferometiy ^aratus according to 
&einvendan; 

Fig. 9 shows a modification ^pUcablc to aU previous cmbodim-aits of the spectral 
interferometry apparatus aoconiiiig to lh« invention in order topiovide 

jireqjective of the OPD sigK 

Fig. 10a. Fig. l{3b and Fig 10c. show the A-scan output oftheanbodiment in Pig. 9; 

Fig. lla,Fig. lib and Fig lie. showtheoutputsignalof a prior art apparatus equipped 
with phase shifting interferometery to deHver miambigaous A-scans free of the nmr 



Fig. 1 2 shows the position trackmg signal of the axial position of a single layer ol^ect 
that can be deUvered by embodiments of the inveDti«Mi. 

Components which are the same in the various figures havebeendesignatedbyfte 
same numerals for ease of understanding. 

Where optical fibres are used, this is only as an exanq>le and it shouldbenotedthata 
bulk implementation is equally feasible, in which case the respective elements usingm. 
fibre components, are to be replaced by optical paths and the directional fibre couplers 
byplatebeam-spUtters. likewise, wherebulk components are used, aey^^^ 

be replaced by c^rticd fibre compoiwnte. 



The novel features which are beUeved to be characteristic ofthe present inveution, as to 
its structure, organization, use and method of operation, together with fu^ 
aad advantages tl 
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Fig. 3 shows a spectral interierometey ^aratus lOO according to a€rst embodimer^ of 
the present invention. The apparatus 100 is selective in OPD and is capable of 
generating unambiguous A-scans based on a white light interferon^tor. DiffCTent 
interferometer configurations can be envisaged to produce two hesms^ an object beam 
directed to the target and a reference beam. To avoid light being sent back to the source, 
a re-circulating reference beam configuration is iihistratod in Fig. 3. 

As opposed to prior art implemraitations of spectral<or Fourier domain) OCT, in whfeh 
the two beams from the object and fiom the reference p^ are J?»atially superposed aa 
the spectral analysing element, in ranbodiments of the present invention the two beams 
are relatively displaced from each other on the spectral analysing dement 3h prior sxt 
arrangements, for example those described in papeis by Hanslcr and US pateirts 
4,932,782, or 5, 317,389 mentioned above, in the interference result is sent to the 
disposing element, ie the interference has taken pia» before the dispersion 
(dif&action). In embodiments of the present invention, essentially the interference takes 
place after dispersion <diffiaction). 

The apparatus shown in Figure 3 comprises a source 1, a collimating element 2 and a 
beam spUtter 4. A first optical path 41 is defined in the apparatus that leads Scam «ie 
beam spHtter 4 to a target object 55. A second optical path 42is defined, in the qjparatiis 
that leads fi-om the beam spUtter 4 to a mirror 52 via two re-circulating rainrars 61 and 
62, which are arranged on a translation stage 63. A third optical path is definedin flie 
apparatus that leads fiom the beam splitter 4 to a miinn-51. A zoom elemait 32 is 
arranged in the second optical path, and a zoom element 31 is placed in the third optical 
path. Optical spectrum dispersing means for spectral analj^, 7 is arranged to receive 
optical beams that have been reflected fiom the second and third optical paths by the 
mirrors 52 and 5 1 . The optical spectrum dispersing means 7 disperses the difitent 
wavelength components of the optica! beams at different angles according to their 
wavelength, onto a reading element 9, via a focussing element 8. The readir^ element 9 
provide an electrical output to a spectrum analjser 91. A processor 46 controls the 
parameters of the spectrum analyser 91 in terms of acquisitioa rate and bandwid& and 
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processes its output signal while at the same time ^chronously controls the position 
of the translation stage 63 and the nurrois 51 aiwl 52. 

In the apparatus of Fig. 3. an optical beam from the source 1 is collim^ by the 
collimating element 2, to form an optical beam 3. In this embodimeat the coilimating 
element 2 is a simple lens, but in ofha: embodiments it coald be an achionMt, or a 
miiror or combination of lenses OT minxMS. 

The Hght from the beam 3 is divided by the beam-spUtter4 into two beams, aI<M3g 
optical path by object optics to fonn the object beam 41, and along a second optical pa& 
by refereace optics to form the reference beam 42. On return fiom the target object 55. 
the object beam 41 is reflected by ihebeam-spUttcr 4 along the Umd optical patti in flie 
object optics. The object beam from the Ihiid optical path is r«jfjecied by flie rnktor?! 
to produce arelatively displaced beam 41'. The ref^ence beam 42 is reflected by the 
two mirrors 61 and 62 and then by the reflective element 52 to produce a relatively 
displaced beam 42*. In this embodiment, the combination of the re-circuUtii^ mirror 

61 and the reflecting elements 51 and 52 act as displacing means, 57. as shown by flie 
dashed block in Figure 3. 

The two beams 41' and 42' are relatively displaced fiom each other in fte displacement 
plane, which could be identical with &e plane of the drawii^ in such a way to 
maintain the parallelism of beams 41' and 42'. and such a displacement inay«Koeed 
their beam diameter and a latml gap g created between them. Hie two miiTOis. 61 and 

62 are arranged on the translation stage 63, which is used to a#ist the OPD in the 
interferometer between the object beam path, fonned by the round trip path iengfli aloBg 
the first path 41 and along the third path of the displaced obj«rt beam 41 ' iqj to flie 
dispersing element 7, or up to the reading element 9 for no overlap of the disphced 
beams and tibe reference beam path fonned by the length of flie second path 42 and tt» 
length along the path of the displaced reference beam 42' up to Ae disposing element 
7, or up to the reading element 9 for no overlap of the displaced beams. The lateral g^ 
g between the two beams 41 ' and 42' can be altered by moving either the miixor 51 or 
62 or the rmim 52 m the direction shown by arrows, hi olhta- embodiments, the 
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reflective element 52 cotild be a beam spUtier or a combination of mirrors. If smaU 
values of the a« required, approaching zero value, or when lateral sa^erposition of 
the beams is required, then the reflective element 52 wsnpiises a beam-^Utter, By 
adjusting the amount of lateral superposition of the lateral gap. & &e intrinsic delay 
between the wavetrains in the two relatively displaced beams can be adjusted. If the 
second path via miiT0i« 61 and 62 is routed to the right in the figure, (bylievingfil 
rotated by 90^ and not to the left as shown in Fig. 3, then miiior 51 needs to be a 
beamspUtter.11iezoomelements31 and32 are used to adjust flie diameter of the beam 
falling on the optical spectrum dispersing element 7, and in fliis embodiment the zoom 
dements 31 andSl comprise a set oftwo lenses 3 11 and312and ^1 and^ 
respectfbUy. By modifying the focal loigth of the lenses 312 and 322 in relation to fte 
focal length of the lenses 311 and 321. the beam diameter fallh« on the element 7 «aa 
be de-magnified or magnified. 

It should be noted that, for the purposes of this desci^tioo. the terms •'nslatiw^ 
displaced obj ect beam" and "relatively displaced reference beam" vdll be used to refer 
to the respective directions of the object and reference beam fliflt have been displaced 
relative to each other. However, it will be readily unda^d by those skiUed in flie «t 
that the relative displacement could be introduced by displacing either the object beam 
or the reference beam, or both. Therefore, it wiU be understood aiat the use of flietemB 
"relatively displaced object beam" and "relatively displaced reference beam" does not 
exclude ^paratuses in which only one of the object or reference direction is diq»taoed. 

Furthermore, the object and reference beams in every embodiment oonldbe displaced 
by deflectors suitably oriented, optic-optic modulators or by refiactive d 
introduced in one or both object and reference beams. 



Here by way of example, the two beams are spatially displaced so as to fell on d 
portions of the dispersing means 7, while they are maintained parallel, for ease of 
description inrdation to a simple dispersing element such as a diffraction grating. This 
howev^ should not restrict the generality of displacing &e two beams in relaticm to 
each other which in more conq)lex spectral analysing elanents may involve the two 
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beams using the same part of the dispeisii^ means but beii^ incident at d 
aagjes, the effect of the relativejy displacing the beams being Ihe generation o£m 
intrinsic differential delay between the two dispersed beams at the output of fl» 
dispcmng means. 

In flris embodiment, the optical spectrum dispersing element 7 is a diffiaction gratii^. 
Tliercfoic. by varying the diameter of the two beamfi41'and42%JVbgra^ 
excited by the object beam 41' and Nj, grating lines by the r^ce beam . Vatyii^ 
the beam diameters can also change. It is possible thai by eniarging the beam diamcteis 
to conq)letely annul the gap between the two initially displaced beams and even overiap 
Hhahesasa. 

to Older to maximize the interference and hence the visibility, polarization controHer 8© 
is shown the reference optics and is used to match polarizations in the olg^ 
reference optics. Only one element, 80 is shown inC^ 3. which may suffice femort 
of the practical situations. However, one or more polarization controllers can ako he. 
used in the object optics as wdLmpolarizationoontroUers used in this embodiment 
arepoiariset6inbuilcHowev€r.itt.ffl>repolariser8,orawave-p!ateinb«dk 
and aiQf oombanaJioo fheieof can be uwd. 



The Kght diffiactedby the dif&action grating 7 is focused by a o 
the reading element, hi this embodimrajl the lea^ elemoit is aCC2) anay 9. » i» 
known in the ait that for optimal operation, ti» iens 8 is placed at the distance F 
the diffraction grating 7 andattiie same distance Ffoan the <X3> anay 9; ^4ieieF» 
the focal length of the lens 8. Other spectral analysing set^ couM be used wflwfflt 
ffiveiting from the scope of the invention. For exan^fe, m 0fbs embodiments, flie 
optical spectrum dispersing element 7 could congjrise other mspersir* means such as a 
prism, or a groups of prisms or diffraction gratings. Foi&enwae, m o&m 
embodiments, the CCD array 9 could be re?>laced by af^otodetector anay. or by a 
sin^)le photodetector, in which case the diffracted or dispersed beam from the optical 
spectrum dispersing element 7 could be scanned ova- a point photodetector usu^ an 
angular scauner such as a galvo-scann«r, resonant scann^. poison minor or rotatil^ 
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prism. My implementation ooidd be iised. that is op^al^ 40 t^^odiice^ 

wHch varies in time according to the shape of the con^und ^ectrum rcsultii^ *om ' . 

the STipeipodtion of the dispersed ^ of lays due to the rdatively displaced 

and 42'. 

The signal output of &e reading element is processed in an electronici«ocessor to 
extract the A-scan profile &om the periodicity of the modulation of &e optical spectrum 
as read by flic reading element 9. A-scan is the profile of reflectivity ib itepth. Ite b 
usually accompUshedby Fourier transformation, however, olher procediipes^anww 
the same goal, such as Laplace, wavelet transfoimation, HObert imitation, ete, 
together wi& spectral smoolhening using different sh^ed kemete, zoo padding, 
inteipolation to provide a linear scale in optical frequencies, itanrtive methods, etc, as 
known in the art of q>ectral analysw. 

this embodiment, the displaciBg means is controUedby the processor 46, 
controls the adjustment of the positions of fee re-circulating imnor«l. reflecting 
elemeuts 5 1 and 52 and the zoom elements 3 1 and 32. However, in other embodiments, 
the displacing meam could be adjusted manually, or by lint other suitable means. 

m order to understand the operation of the embodiment inf^ 3, an example willbe 
described with reference to Fig. 4, In this example, the tajgpt object 55 in flic 
aixangemeat shown in Fig. 3 is multi-layered, and con^Jiises four lay«ns: LI, 12, L3 aad 
lA. 

Fig. 4 shows comparativeiy. the depth profile deliveredby the prior art mettwd 
discussed above in relation to Fig. 1, and the method accordii^ to embodiments of Ite 
present invention. Different cases are illustrated, as shown by the output peaks, at 
frequencies Fl, F2, F3 and F4 corresponding to the modulation of the chamidled 
£5>ectrum as measured by the electrical spectrum analyser 91. and each ftequmcy is 
proportional to the OPD in the interferometer that corresponds to tiie dq>th oftiie iayeis 
LI to L4 of &e target object The output peaks are denoted as their frequencies in the 
following description. Peaks Fl to F4 lesult by perfonnii^ Fourier transformation of the 
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optical spectrum using the spectrum analyser 91. l^eteger ihe OTD. the d 
chamened spectrum, and the higher IhefirequencyFof the dgnalconespo^ 
OPD. Peaks Fl to F4 are represented alongthe electrical fre(iuency axis, t 

In case (a), the OPD = 0 sur&ce is in fomt of the muW-layeied object M ca^s <b). <c) 
and (d) the OPD = 0 surface is within fee multi-layered object Hie position where CH»D 
= 0 is iDdicated by the dashed line. Such a position is detemiined by Uie position of liie 
translation stage 63 in Fig. 3. hi the cases <b). (c) and (d). flie position atwhich Ae OPD 
is zero is adjusted between the OPD position matchmg the dqrth of the second layer 12 
and the OPD position matchiBg the third layer 13, sUgJdy closer to the dfifrth ^er^ 
second layer is. Cases (c)and(d)con:espond to the situation in whidi^OPDhasa 
particular sign only, and correspond to theL andRcases discussed above in relation to 
Figured 

In case <a). the prior art outputs a channelled spectTinn who* Foimer spectnim 

peaks at frequencies Fl to F4 whose positions resemble that of layewLl to L4 in 
deptk This corresponds toacorrect detection oflayers in depfli and to collect 

tomograms (A-scans), 

However, when the OPD = 0 surface is inside the multi-layered object, the prior art 
method delivei^ mcoirect results, as shown in Fig. 4 (b). In this case, thepealcsFl and 
F2 do not correspond to the d^th of layers LI and 12. Furthermore the peakF2 is 
ahnost supeiposed on the peak F3, being only slightiy shifted towards the or^ relative 
to F3. This sUghtshifl being because the initial OH)«0was closer to layorl^tiffla 

layer L3. Only the peaks F3 and F4 hatve conecst positions. 



Kg. 4b fflustrates that for layer depths of OPD > 0. i.e. ^ object path is loiter 
than the reference path, cone.^ detection of the peaks will oc«^. However, incooect 
detection will occur f(«r layer depths when OPD < 0- 
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If embodiments of the invention described in relation to F%. 3 are Knployed, then ttie 
signal as described in Fig. 4 (c) results. In this case, only the peaks F3 and F4 are 
obtained and peaks Fl and F2 are eliminated. In othra: words, all layeis situated at OPSD 
< 0 are eliminated from the spectrum, leaving a clean output with strict resraablance of 
the multi-layered stracture in depth for OPD > 0. It will be parent that, if the two 
relatively displaced beanw 41' and 42' directed to the dif&action grating are swooped or 
if the grating rotated in such a way that the diagram corresponds to the case R as 
described in the two Podoleanu's papers mentionol above, then pulses F! arai F2 will 
correctly display the depth position of layos LI and respectively L2, while the pnlaes 
F3 and F4 will be eliminated, as shown in Fig. 4 (d). The same explanation will spply if 
OPD in the interferometer is defined by deducting the object path fiom the Feference 
path, and the initial OPD between the two beams incident on the dil^racdon ^gratii^ is 
suitably defined. 

The role of the zoom elements 31 and 32 is to give more fireedom in the adjiMtaiBnt of 
the OPD range than provided by the screens 20 in the prior art apparahis of FSg. 2. 
Based on the explanations above, if the diameter of the relatively diq>laced object beam 
41* is such as No grating lines are excited, then the object wave-train is XNo kxDg ate 
the grating. Similarly, if the diameter of the reference beam 42' is sucli as Njt ffstixm 
Unes are excited, then the reference wave-train after the grating is TJ^x long. In the case 
L, there is an intrinsic delay PX +KNo between the leading edges of the object and 
reference wavetrains after the grating and an intrinsic delay ofPX +\Nr between flMf 
trailing edges of the object and reference wavetrains after the grating, hi the case IS, 
there is an intrinsic delay PX +XN]t betweai the leading edges of the object and 
reference wavetrains after the grating and an intrinsic delay of PX, +XNo between ffae 
trailing edges of the object and refcxoice waveirains after the grating. 

If the gap g between the two relatively displaced h^ans 41 * and 42' is soda, as P grating 
lines are not excited, then the mf^iwinTn OPD required &r interference of the two wave- 
trains in the case L is gjveQ by: 



OPD,wn«PX4ic 
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and the maximum OPD when there is no overlap of file wave-trains is given by: 

OPD««-P3t+WVb+Wyj|. 

hi the case R, the sign of the OPD^h. and OPDmw in the two equations above wifl 
change. Thus, by adjusting the gap between the two relatively dii^aced beams and Iheir 
beam diameter, the range of measured OPD can be convomaitly adjusted. 

As expiamed in Poddeami's papers mentioned above, tte visibilitjf of the channelled 
spectrum depends on the amount of overlap of the two wnvetrains. Thraefore, in ttie 
case L discussed above, when each relatively asplaced beam oovaed m/2 grating Ime, 
the visibility increases from zero for OPD = I<: to a maximum whai liie OPD -= 
In order to enhance the strength of flie signal for small OfPDs, it may be desirable to 
partially superpose lateraUy the two displaced beams. Has reduces the intrmsic delay 
between the wavetrains in the two relatively displaced beams to less than MJ^. 
Consider that S grating fines are covered by both laterally displaced beams. This will 
have the disadvantage of aUowing scattering points in the range 0H> < 0 to-gaje»te a 
non-zero visibiHty. More precisely, peaks will be produced in the Foforier spectnan of 
the signal dehvered to the analyser 91 for OPD > OPOb*,* -5^, . 

Peaks in the range -5X to Lc will be superposed to peaks coiresponding to the lange U 
to Sk leading again to an incorrect A-scan profile. However, if flw region of OPDs m 
fiont of the tissue is clear up to OPD « -51. then no peaks wiU appear in tbeFouiier 
spectrum aBowmg for such an adjustment to be perfiinned wift the »lvantage of 
enhanced strength of tiw A-pioffle fi» smaH OED vahas. 

Kg. 5 is a diagram showing a second embodiment of a spectral intor<CToanetry apparatus 
selective in OPD according to the prtsaA invention. The embodimeiit shows m 5 is 
sunilar in construction to that described in relation to fig. 3, but additionally conqaises 
a generator 34 connected to the processor 46, an XY scannrar head 10, scanning q»tics 
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12, and a focussing element 15. The apparatus is arranged to deliver not only A-scans 
but also 3D tomo^hic volumetric data fix)m amuW-layeied ohject'55. 

Let us consider the direction of the emergent object beam 41 out of the XY scanner 
head 1 0. when not driven, as defining the optic axis. Consider a coordinjrfe system in 
which X and Y are coordinate axes in a plane perpendicular to the optic axis, and Z is a 
coordinate axis parallel to the optic axis. 

The XY scanner head 10 is provided to scan Ihe object beam 41 over Ihe target olgoct 
55 transversaUy via Ihc scanning optics 12. A focusing element 15 focuses liic 1^ on 
<he target object 55, for exan^le tissue, to be examined. Without loss of ^aK^, ^ 
retina of an eye is shown in Fig. 5 as the target area of the object 55, and the focusii^ 
element 15 is the eye lens. If the tissue 55 is skin, then ihe scanning <q>tics 12 is 
modified in such a way that the rays after the focusing element 15 would normally 
evolve parallel with the depth axis. It will also be appreciated that focusing can also be 
perfomed by altenBg the optics inside the scanning optics 12. or by moving the 
collimating element 2. or by adding suitable optical elements between tbcbeam^Httosr 
4 and the scanner head 10. Such elements used separately re together perfonn the 
function of focusing means ^licablc to multi-layer objects 55 such as retina of an eye 
or skin. The scanning is under the control of the generator 34. Por eadi point (X.Y) in a 
transverse section, an A-scan is generated by the apparatus, using fee same demeato «s 
the embodiment in Fig 3. men one scanner is f«ed,asection in Ihe tissue in the plaiw 
(X^ or (Y^ where Z is oriented along the depth can be obtaiaed. This is called an 
OCT B-scan image according to the terminology in uttrasound. When B-scans aie 
repeated along the other coordinate axis. Y or X respectively, flie whole vohmie of Ae 
tissue can be investigated. Alternatively, the two coordinates could be pote in flw 
transverse plane rectangular to the optic axis. Furthermore, the scanners can be driven in 
sudi a way to gsierate a circtdar sh^ m a transverse section, in which case flieB-scan 
image is along the latcaral size of a cylinder oriented along Ihe depA axis. 

The processor 46 in Fig. 5 has fiarther fimctionaKty to that described in relation to F%. 
3. in the sense that generates B-scan images fiom A-scan profiles and synchronises the 
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A-scan generation of the analyser 91 with Ihe movement of fte one or bolli transv^ 
scanners. More functionaHty is required in generating 3D volumetric data when many 
B-scan images are produced in syDchronism with controlling boHi s 



Fig. 6 shows a third embodiment of a spectral interferomctry ^aratus selective in 
OPD according to the present invention. This embodiment can be used to deUver OCT 
B scans and perform 3D investigation of a multi-layered object 55. Jn Urn embodimeat. 
a hybrid configuration of optical fibre and bulk optics is cmptoyed. 

The embodiment shown in Kg. 6 employs a single mode directional coupler 40 to sp&t 
light &om a soufoe 1 into an object beam at the output of a®ire lead 36 and a tefe«^ 
beam at the output of the fibre lead 38. The fibre lead 36 is aixai^ed to feed li^ into 
the coilimating ejemcirt 2. The remainder of &e object pa& optics of Rg. 6 are similar 
to those ^scussed in relation to Fig. 5. The light collimated by flic focuai^ elemcait 2 
forms ae beam 3 that is sent via fht beamspUtter 4 along a first optical path 41 towards 
the scanning element 10 via the scanning optics 12 and the IcM 15. towards tiie object 
55. The back-scattered light fiom the object 55 returns along the first <^al path 41 
and is deflected by the beamsplitter 4 along a third optical patti tlwt leads to amiiror Sl 
via a zoom elemeiA 31. 

A fibre loop 49 is provided before the output of the fibre lead 38. and ti» fibre lead 38 
is arranged to feed light into the collimator 33 to form flie refensnce beam 42. This is 
sent along a second optical pafli 42 to a mrrrar 52, via a zoom eiement 32. In &n 
embodiment, the fibre lead 38 is positioned on a transition stage 81, wWch is iteetf 
positioned on a transition stage 63. The function of the transition stage 63 is &e same as 
described above in relation to the previous embodimoits. The transitBMi stB&> 81 is iiped 
to move the position of the fibi« lead 38. In other embodimenis, the transition stage 81 
need itot be present 

For polarization matching, a supplementary polarisation controller 85 is provided in the 
fibre lead 36 in the object optics in addition to polarisation controller 80 provided for 
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the free space beams m dereference optics. As for the previous embodimer^. the 
pohirisation controUers are not essential, and can be removed. 

As inthe embodiment ofFig. 5. the mirrorSl and minor 52 are used to displ^the 
object and the reference beamlateraUy in relation to each other, to c^ate the relative^ 
displaced object bcam4rand relatively displaced ref^ce beam 42'. brfoiehittii^ 
the spectral analysing element 7. As with the previonsly discussed «nbodimeots, &e 
rairrois 51 or 52 could be replaced by beamspUtteis. 

To adjust the position at which OPD = 0. different in^iementetiom aie possible as ^ 
be envisaged by those skiUed in the ait. One such possibility is shown in Fig. 6, v.hei« 
ihe end of the fibre lead 38 and collimator 33 in the reference paJii are placed on an 
axial seamier 63 and the fibre lead 38 is equipped v«ih a fibre loop 49 to all^ 

movement 

It wiU also be readily apparent to those sidiled in the art that fte beam diami^er 
relatively displaced reference beam 42' can be adjusted using collhnating ciemarts 33 
of different focal length, and that the zoom element 32 can be mnoved. SimiJaxJy. fte 
beam diameter of the relalivdy displaced object beam4r can be adjusted us^ 
collimatingelement2of different focal length and the focus demeote 
path, in which case flie zoom dement 31 can be removed. 

In this embodiment, the positions and tilts of the minois 51 and 52 aw ««itttod 

manually. However, , it will also be readily appar^t to those «ddlfed in1i«! art that fte 

displacingm6anscanalsobepirtmderthecontrolofpH>ceS8«46toadjustl^ 

between the two beams in the displacement plane in oidtsr to aifiust Ae miniiiiiim paffi 

difference to be sensed. For instance, this could be in^lemeoted in f^^ 

anoth^ translation stage in top of the Halation st^ 63 to move the miiior«J in 

directi<Ktt of the atrew, cr bofemimKS 61 and €2,. 

. Furthennore, it win also be appreciated that the tmisition stage 81 canaisobeusedto 
adjust the relative displacement of the beams in the aixangem^t shown in Fig. 6. The 



wo msmmis 



FCT/GB2004/004I5] 



39 

translation stage 81 can move the fibre end 38 and focusii^ element 33 in a direction 
peipendicular to the arrow of moving translation st^e 63. and in the plane of the 
drawing, thus affecting the displacement of the beams and actii^ as displacement 



ItwilibemderstoodlhatiDFig. 6, the beams 42 and41 may be in different planes to 
each other and may Ue outside the drawmg plane, to these circnmstanoes. &e refle(^ors 
51 and 52 are used to compensate for such misalignment and to put the beams 41 ' and 
42* in the displacmg plane before hitting the dispersing element 7. The di^acing plane 
of tias two beams 41' and 42* may be out of the plane of the drawing as well, to such « 
case, it is essential that the dispersing element 7 is tilted, m sndi a way that the nonnal 
to the surface of the prism (or first prism) or diffiaction grating (or Sist dif&acling 
grating) in the element 7 is peipendicular to the line connecting the centres of the two 
displaced beams drawn in a direction perpendicular to &e two beams, li wifl be 
understood that the direction of g)ectraUy dispelled rays after the demeid 7 comes out 
of the drawing plane, and therefore the focusing element 8 and readmg element 9 have 
to be realigned to maximise the contrast of the channelled spectrum, i.e. &c normal to 
Ihe centre of the focusing element 8 and to the centre of the readit^ etement 9 aits in flie 
new plane defined by the fan of di^ersediays. 

A fourih embodiment of the invention is shown in 1%. 7. 1*18 mbodimeat is similar to 
that described in relation to Fig. 6 and illustrates another possibiHty fer displadng the 
object and reference beams in order to produce relatively displaced beams.. 

to this embodhnent, a single mode directional coupler 40 spBs foan a soiBce 1 
into an object beam at the output of a fibre lead 36 in object pafli optics and arefensDce 
beam at the ou^ut of the fibre lead 38 in reference pafli optics. 

The object path optics are similar to those described in relation to Fig 6. As fer fee 
airangement of Fig. 6, the reference path optics comprise a fibre loop 49 provided 
before the ou^ut of the fibre lead 38, and the fibre lead 38 is anai^ed to feed li^t into 
a collimator 33 to foim the reference beam 42. The fibre lead 38 is positioned on a 
transition stage 81. which is itself positioned on a transition stage 63. The fimcticm of 
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me transiticm stage 63 is ihe same as descnbed above in relation to &e previous 



In contrast to the anangement of Fig. 6, the beamsplitter 4 in Ibis embodiment is iised 
by both object beam 41 and reference beam 42 and Ihe" gap between the two di^laced 
beams is adjusted by moving the stage 81 which holds the fibre end 38 and oollimatoir 
331ateraDy. 

Therefore, in ihis arrangement, the beamspHtter 4 not only functions as the main spHttcr 
in the object path optics but also as a mirror for the purpose of displacii^ latoally liw 
reference beam 42. Iherefore. the displacing means in tins embodiment includes Ihe 
means to move the fibre end 38 and the bean splitter 4. 

In the airangement shown in Hg 7, the ratio of the beam splitter 4 is such that the 
obj ect beam returned from the target object 55 incurs litfle attenuation, which is 
achieved by beam splitter 4 having larger transmission than reflection co^ciaiL ft will 
be appreciated that the anangement of Fig. 6 will have a largesr reflection than 
transmission coefficient 

In this embodiment a further mirror arrangement 58 is arranged to receive the relativdy 
displaced reference beam4r and the portion of the object beam that passes though file 
beam spHtter 4 having been reflected from the target object 55. IMs mirror anangemeot 
58 is used to tut the beams from the beam spUtter 4 in order to ftriher adjust the relative 
displacements. However, in other embodiments, the miriOT anar^ement need not be 
present and the displacing means could only course Hie combination of fl» beam 
splitter 4 and the transition sts^e 81. 

Zoom elements 3 1 and 32 are provided m the path between flie mirror arraag^en* 58 
and the dispersing element 7. Th^e zoom elements can alter the diamet^ ofthe 
relatively displaced beams in the same manner as discussed above. It will be appreciated 
that, as for the above described embodiments, the zoom eiema^ 31 and 32 are 
optional. The zoom demmis could also be pl^ before flie displadag means. 
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A circulator with three input ports could be used to repJace the beam spUtter 4 in both 
the airangements discussed with reference to Fig. 6 and 7 in order to improve tiie 
collection of signal back-reflected from the object 55, in which case the circulator input 
(first port) is tied up directly to the fibre 36, the second port is directed towards the 
scanner head 10 and the third port can be used to send Kght via a collimator towards flw 
mirror 51. Even more, two such circulators could be used, as shown in Fifr «. 
A fifth embodiment of the invention is shown in Fig. 8. hi this embodiment, both tt» 
object an reference optics use in-fibrc circulatora . 

In this embodiment, a single mode directional coiq?lcr 40 splits light firom a source 1 
into an object path and a reference path. Light travels along the object path to an objeo* 
circulator 71. light output flom the object circulator 71 is sent towards the tai^ object 
55 in optics via a focusing element 2 and the light returned fown flie t&t&i object 55 is 
sent back to the circulator 71 towards a fibre end 36. 



light travels along the reference path fiom the single mode directional, coi^ler 40 to a 
reference ciiculator 72. light ou^ut from the circulator 72 is sent via a focuwag 
element 75, which in this embodiment js a lens, towards a waaor 74 a tcanslatioa 
stage 63. The light returned from themiiror 74 mtheiefeteBoe optica, is sent via the 
circulator 72 towards a ffijre Old 38. 

Light from the object optics is ou^ut from the fibre end 36 passes through a zoMn 
element 31, which in this embodiment is a gradient index loB (GKJN) leas. ^ 
the reference optics is output from the fibre end 38 and passes throuiJi a zoom element 
32, which in this embodiment is also GRIN lens. In this embodiment, both the fibie 
ends and respective zoom elemraits are mounted on stages (not shown) whiditan aflnst 
the Illative positioais ofUbt fibre ends. 

Ttie Hght from the zoom elements 3 1 and 32 then passes throu#i a mirror arrai^ement 
58. The two beams 41 * and 42' output fiom the mirror arrangement 58 are relatively 
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displaced with respert to each other and feU on diffexentportions of^ (Ks^ 
element?. 

In this embodiment, the relative displacement of the beams 41 ' and 42* <e^ the gap 
bet^veen the two beams 41 ' and 42') is adjusted by the combination of the mimff 
arrangement 58 suitably lenecting the beam!^ the stages (not Ehown)moYii^1te 
relative positions of the fibre ends 36 and 38 and the GRIN lens altering the diameter <rf 
the beams (and thus &e gsp between them). 

However, in other embodiments, the di^lacement of fte beams fellii^ on^ 
dispersing means can only be adjusted by the mijior airangemcnt58, with the stages fti 
the fibre ends ^d the zoom elemarts being opticmal. Furthermore, the displacements 
only be adjusted by the movement of the fibre ends, with the minor arranganent 58 and 
zoom elements being optional. Ih addition, the displaoem^ can only be adjusted by flie 
.oom elements altering the diametos of the beams, with the stages «ir the fibre ends 
and the mirror anangement 58 being optional. Alternatively, the displacemait could be 
achieved by a combination of any two of the above fliree fecton. 

KwiU be appreciated that the between the beams4r and 42' could be inadezarom. 

the aixauficment of Fig 8 with the minor arrangement 58 con^risiiig abeam ^.litter and 
at least one mirror. One mirror is used to turn the beam by 45" and thai turitediati«» 
opposite direction by 45*' via a second mirror and launched closely to ti» ofh^beam. 
flns case, the gap is small but it cannot be made zero nor «ie beams overi^. If i» 
second minor isabeamsplitter, then the two beams can be biou^ttototal overlap, as 

Other zooming elements could be mounted before or after the mirror airai^etnentto 
alta the diameter of the beams launched towards the dispersing eiemrait 7. 

Furihennore. transverse scanners can be used in the object optics after the coilimatii« 
element 2, or maintained m fibre leading to a multiplexed an^ of sensofs. THese could 
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be used to scan ihe target objectSS in the manner described aboveiar^^^^^ 
mi6. 

In this embodiment, the optical path difference in the interferometer is adjusted by 
movement of the transition stage €3 in this embodiment Altmmtively. theOm in the 
interferometer cm be adjusted using what is caUcd as the spectral scannii^ delay line, 
as described in US patent 20030137669A1, by A. M. Rollins. "Aspects of basic OCT 
engine technologies for high qseed optical coherence tomo^hy and 1i^ source and 
other improvements in optical coherence tomography". T-i^ is deviated 
angularly using a galvanometer minor behind a diffiaclioii grating or prism, which 
operates on the basis of Worming a linear phase in optical frequency in a^empona 
delay based on priBciples developed initiany for processing of fentosecoDdl^ 
Such a method presents the advantage of compensating for dispersion as weU. SpecUri 
scanning delay lines in transmission can also be used in the embodiments inri&3,^ 
7, and such a device is disclosed in the US patent 6.564.089 B2. by J- A. Izatt, "QiHfcal 
Imaging Device". 

Asixth embodiment of the invention wiU be desc^ in relation to^i«.9.fa1ii« 
aiTangement.arelatively displaced object beam41'andardativdydisptocedief€^ 
beam42' are provided toabeam sputter 99. The relatively displaced beams oouM be 
produced in any of the ways discussed above, by reflection, deflecti<Hi. noS^m, 

alteration of the 



beam diameters, movement of fibre ends or any cambination of fliese. 



Tliebeam splitter 99 therefore produces two sets of relatively di^laced beams. One set 
of relatively displaced beams 41' and 42 are provided to a minor airangemcBt 59 wWch 
can further adjust the relative displacement of the beams. As shown in Figpee 9, Ae 
nmxor arrangem^t 59 can adjust the lateral between 1J» beams a Vi^ 
prior to the beam spHtter tog' after the mirror airangemart 59. The relatively diqj^ 
beams 41 ' and 42' are then output to dispersing means 7, which disperse their specteal 
content onto reading elem^ 9 in the manner discussed above. The readmg element 9 
provides an electrical ou^t to a ^ectrum analyser 91. 
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Hie other set of relatively di^laced beams 41 are provided to a second mims: 
airangemeat 59' which can also further adjust the relative displacement of ttie beams. 
As shown in Figiire 9, the mirror arrangement 59' can adjust flie tea! gap g between 
the beams from prior to the beams from a value of g priw to the beam splitter to g" 
after the mirror anangement 59'. The beams output from the minor anaD^ment59' 
can be considered second relatively displaced beams 41" and 42". The second 
relatively displaced beams 41' and 42' axe then output to second dispeisii^ means 7% 
which disperse their spectral content onto a second reading element 9' in the manner 
discussed above. The second reading element 9' provides an electrical output to a 
second spectrum analyse: 91'. 

As in the previously described embodiments, the dispereed Mght is focused by elements 
8 and 8' on the reading elements 9 and 9*. From the above, it vriU be appreciated that 
the gap between the two beams <i.e. g' or g") generates an intrinsic delay in the 
combination of dispersing means, focussing element 8 and reading element 9 and * 
second intiiiTLsic delay in the combination of the second dispersh^ means, second 
focussing element 8 and second reading element 9. The orientation and spatial position 
of the two dispersing means 7 and 7* in relation to the direction of the lesfpectwe 
incoming displaced beams is such that the intrinsic delay and &e second intrinsic Aday 
are of opposite si^ 

hi this embodiment, diffiaction gratings are used as both the dispersii^ means 7 and fte 
second dispersing means 7, and tlie intrinsic delay and the second intrinsic delay being 
of opposite sign is achieved by the diffraction grating in the dispersing means 7 bdng 
d to dif&act orders of opposite sign to the difi&action grating in the second 
as?. 



If the dispersing means 7 and the second optical dispersing means 7 each conqprises one 
or more prisms, the one or more prisms can ananged such titat one of the relatively 
displaced object beam 41' or the relatively displaced reference beam 42* is closest to 
prism apex in the dispersing means 7 and the secoi^ lelatively displaced reference 
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beam 42" or the second relatively displaced object beam 41 ' respectively is closest to 
the prism apex in the second optical dispersing mesm. 

As a consequence of the above, it will be appreciated fliat one spectral analyser 91 
outputs signal for one sign of the OPD, for example for theiwsitive OPD values 
("channel P"), while the otiier spectral analyser outputs sagnal for the opposite OPD 
sign, i.e. negative OPD values Cchannel IT). 

The gaps g' and g" between the two relatively displaced beams in eadi channel «aa be 
adjusted separately by mirror arrangements 59 and 59*. In this embodiment, the miixor 
airangemenlB 59 and 59' comprise mirrors and stages sinnlar to fliose described above 
in relation to Figs. 3, 5, 6, 7, 8 in order to displace the two beams laterally. However, ft 
wiU be ^reciated that any of the other elements <hat can foim the displacing means 
discussed above could replace the mirror arrangements 59 and 59'. Furthennoie, it wfll 
be appreciated that only one such additional diq>ladi^ means can suffice. 

These use minors and stages simflar to the procedures used in Fig. 3, 5, 6, 7, 8 to 
displace lateraUy the two beams. In principle, the two beams can even be saperinq»osed 
by using the displacing element, even if the initial g^ & was different fiwm zero. He 
use of two displacement means allow separates adjustment in the two channels of flie 
absolute value of the minimum OPD which can be sensed and of the position In dep& 
where maximum sensitivity is achieved in each chamwi 

If utiHsed in combination with any of the embodiments discussed abovei the electrical 
spectrum analyser 91 could be used to p^o^^de an A-scan for positive (or negative) agn 
OPD and the second electrical spectrum analyser 91' could p»vide sn A-scan Sar 
negative (or p<»itive) ^ OPD- 

In this embodiment, a synthesising element 92 is provided to receive the output of the 
spectrum analyser and the second spectrum analyser 91'. The synthesisii^ ekmrait 92 
joins the two A-scans to provide an A-scan for double the range of depths g?ven by fte 
individual spectrum anatjraere 91 and 91'. 
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In order to make sure that each channel has visaiHty non-zero for one sign of &e OH) 
only such a dual channel embodiment requires that there is no overlap of the two scfe of 
relatively displaced beams. In this way, there is no cross^talk between the two channels. 
P and N, i.e. for a given OPD of any sign, k signal appears at the output of eiHwr 
spectrum analyser 91 or 91* and never in both. 

If each channel has a range |0PDU = D. then the synthesising clement 92 willprovide 
signal in the range to D, i.e. double the lange of each chamiel, but with a g^ in the 
centre, of-Lc to U about OPD = 0. If the g^ is larger than the beam diameter, then the 
minimum iOPD| in each channel exceeds the coherence length U and the-g^ about zero 
path imbalance widens. 

If the airangement in Fig. 9 is used to build a B-scan OCT imagftoot of several A-scans 
in the range -D to D. then the image wiU have vanishing contrast (low contrast, tending 
to zero) in the middle of the image, about zero path imbalance. Whilst this maybe 
considered disadvantageoiis for imaging purposes, it has the advantage that at no 
moment the image will be distorted by minor t™ irrespective of flie olgect 
movement. Each pixel in the image will correspond to a given sign of OPD only, wife 
no cross-talk due to the OPD of the same modahis but opposite sign. 

Ihe A-scan ouQ.ut characteristic of the embodiment inrjg. 9 win be discussedin 
relation to Pigs. 10a toe 

Fig. 10a shows a hypothetical decay of the lefleotivity in depth vM<h for simplicity is 
considered as being Unear with depth. Fig 1 Ob shows the two visibility l^ofiles of the 
two channels of the arrangement of Fig. 9, one channel in the regime L of operalioa 
selecting the positive OPDs and flie other channel in regime R selectii^ the negative 
OPDs, with the results summed xjpiniiut synfiKsising elraaent 92. 
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The combined effect of the overaU visibility profile of the embodinomt in F% . 9 wift 
the decay show in Fig. 10a leads toafinald^ay in thermae of negative and positive 

OPDs, as shown in Fig. 10c- 

For comparison, the output of akno™ method that uses phase shifting inteiferomeliy 
for removing the nniror terms win be discussed in relatiott to Fig. Uatoc. 

Fig. n a shows a hypothetical decay of the reflectivity in depth wMch for simplicity is 
considered as being linear with depth, the same as that shown in Fig. 10a. 

TtevisibiHtyproffle for the known method ofavoiding the miiiortenns by usingph^ 
shifting methods is diown in Fig. 1 lb. wifli maximum about OPD-O. 

Ilie combination of the decay shown in Fig. llawilh the overaUvis^flity profile ia 
Fig. 1 lb leads to the resulting proiaie diown at Fig, 1 Ic 

Both methods, that according to the present invention asweDasthatusedintheartfer 
avoiding miiTor terms based on phase shifting inteiftromet«ar and at least 3 
measurements lead to a distorted A-scan profile. Bofe meaH>ds output iK. Fooiicr 
Transfonn signal, as no channelled spectrum exists for jOTDl less that 1i» coh«eoce 
length, however our methods dehvers vanishing values for [OPDj just above t»e 
coherence length, while the phase shifting method delivers the maximum stieiigib 
signal. The method according to the present invention enbanoes flie central* oTUw 
image at two depths in the obj ect while the known method in the art around the CffD - 
0. It will be appreciated that, in both cases, the correct A-scan profile can be in prino^ 
mferredbydeconvolvingtheoutputresultsshowninFig. lOcandFig. llcwiliiflie 
visibility profiles in Fig. 10b or Fig. lib respectively. However, the method and 
apparatus according to the invention are tolerant to the object movement while flie state 
of the art metiiod requires at least 3 measuremaits to produce fee tesO^ ia Hg. n<J. 

The ^loximated profiles of the A-scans shown in Fig. 10c and Fig 1 Ic consider a 
large depth of focus. In practice however, the confocal profile of ilie focusing optics 
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may be naiTOwer than the depth rangeD.in Which case to inf^ttecoire^^ 
A-scaa, the visibiHty has to be multipHed with the confocal profit due to focusing. The 
difference in the visibility profile between that shown in Fig 1 Ob aiid the ^ of the art 
shown in Fig. Ub. requires a different adjustment of tfae&cos position in ttetaiget 
object, for example tissue. In the state ofthe art case, to compensate for &e decay in the 
visibility versus OPD, the focus is adjusted all the time deep in the li«nie, vMie in ^ 
present disclosure, the focus may be adjusted either close to OPD = 0or close to OPD- 

D = NX in order to flatten the overaU sensitivity ofthe apparatus. 

In addition, such embodiments ofthe present invention off^ an unique possftiUly of 
selection in the OPD value, where the focus may be adjusted to coincide wifli &e 
visibiHtymaximum position, dose to Nm, in wWdicaseanaiiowpromeiesults 
aiouBd WJ2, not possible with the state ofthe ait case, where ihc visibility continuousiy 
decreases with OPD. from the maximum achieved at the OPD - U as shown in Fig. 
Ub. 

me embodiment discussed in relation to Fig. 9 can be generalised to reading S sensoK 
or generating OCT images from a target object 55 where different S chamiels select 
their own OPD range, with a distinct minimum OPD and a distinct OPD value where 
the sensitivity achieves a maximum. To achieve this, the beamspUtter 99 could be 
r^laced by several optical spUtters in order to provide pairs of object and referaice 
beams to S number of optical dispersing means, 7, 7'. 7",7"' . ..each equipped with 
their own reading elements 9. 9'. 9". 9"'. ... and their own displacing means57, 57', 
57», 57"% ...Only two channels were shown in Fig- 9, each sensitive to a sign of OPD, 
therefore namedP and N. When several S channels are used, some could be made 
s^tive to positive OPD, channels P and some to the negative OH), channels N. 

Furthermore, although the arrangement shown in Fig. 9 provides two relatively 
displaced beams (wift a g^ g) to the beam splitter 99. oiha: embodiments oonW 
provide the beam spKtter 99 witi object and reference beams wifli no di^lacement 
Such embodiments would then use a displacing means in each channel to adjust fte 
displacement ofthe beams in eadi danneL 
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If the object is a single layer surface, then embodiments with different channels such as 
those described in relation to Fig. 9 can be used to accompHsh a different fiinction than 



Fig 9 shows two fiequency to amplitude converters 93 and 93% which receive outputs 
from the reading elements 9 and 9\ The frequency to ampUtude converters 93 and 93' 
perform conversion of the frequency of the signal deliveredby the reading elements 9 
and 9* respectively into magnitude, irrespective of the signal input amplitude, Le. the 
larger the |OPD|, the higher the strcngfli of the output signal. However, if one of^ 
signal out of the frequency to amplitude converters is inverted by an inverter 94 and flie 
result summed with thai of the other converter in the adder block 95. then a DC 
950 is obtained that is proportional to the OPD, covering positive and negative vahies 
for ae positive and negative values of the OPD in the range of ^ to 4D, 

Similarly, partial use may have the output signals 930 or 930% each for one sign of the 
OPD only, in tracking the axial position of a miirOT. ft will be apparent that the same is 
true for embodiments such as those presented in Fig. 3. 5. 6. 7. 8. which can be tH^ 
be sensitive to one sign of OPD only. Such embodiments, like that in Fig. 9 or 
embodiments in Fig. 3, 5-8 equipped with one frequ^y to ampHtude converts, may 
have immediate ^Kcation in the fast tracking of the axial position of the cornea <tf a 
living eye. 

Because the method according to the invention is sensitive to fee OPD siga. a nowi 
method can be devised to measure the thickness of a plate, such as a microscope sdMe. 
Let us consider that the optical plate thickness is less than D«J. where D the OPD 
range of each of the channels in an arrangement such as that shown in 9. If the plate 
position randomly osciUates along the depth axis, thtm it is possible tiiat: 

(a) Both interfaces are in the positive OPD range;, 

(b) One interface is in the positive OPD range and ttie otto in the negative CffD 

range; 

(c) Both interfaces are m the negative OPD range. 
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For cases a and c, when both interfaces are in the same OPD range, two peaks are 
present in the A-scan of each channel while the A-scan of the other channel does not 
present any peaks. In this case, the thickness can be infmed by deducting the two OPD 
values coixesponding to fee positions of the two peaks in the A-scans. 
For case b, the A-scans of the two diannds, each presents one peak only, this case, 
the thickness could be inferred by adding (ie frequencies of the two peaks, with one 
frequency deHvered by each channel only. Alternatively, a sunanation ofthe signals 930 
and 930* could provide the thickness. 

Respective ofthe case above, a, b. c or the processing method used, A-scans deKv«Md 
by the electrical signal analysers 91. 91' or the synlhesissi 92, or by fiequeacy 
converters, 93 and 93*. the ihlckness value obtained is tolei-ant to the axial movement of 
the micxDscope slide. 

This method coidd be extended to the rapid measurement ofthe retina Ihickne® fer 
topography or cornea thickness, tolerant to the axial eye movcmoiL To avoid false 
results due to the noise, thresh-holding circuits can be used after each electrical analyser 
. 91aiid9r. 

While Fig. 9 is shown as having ampUtude converters 93 and 93* and signal analyser 
95, these are not essential if only imaging is requiiad. 

The embodiments described above in relation to Fig. 3, 5, 6, 7 and 8. having 
between the two beams larger than the sum ofthe radiuses ofthe two displaced beams, 
pioduce an unique selection in depth. A given OPD value is translated into a fiequcawy 
value, i.e. into a repetition of peaks and troughs in the channelled spectrum if it 1ms 
the accepted sign (i.e. positive or negative depending on the anangemcnt). At the same 
time, the same OPD of opposite sign does not imprint any channeUed spectrum. So, fcr 
the two cases, a frequency for no frequency is generated in the signal output of tlae 
reading element 9 and the apparatus is so sensitive to one sign of OPD only. The 
apparatus dould become sensitive to the other sign of OPD and still recover uniquely the 
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distributioii of scatterers in depth in an object, or the distribution of OPDs in a 
distributed sensor by modifying the optical soviroe, as discussed bdow. 

If a low coherence source beam is sent via a differential delay, A. to the int^erometer. 
then for OPD = 0, a component coiresponding to the differential delay is present in the 
channelled spectrum of frequency 4- In this case, the fiequaicy of Ihe signal deKvered 
by 1he reading element 9 for the given OPD value is again f, but anoOier peak appears sa 
the channelled spectrum, of frequency f+ If the OPD in the interferometer has 
opposite value, then the modulation frequency is This leads to a diSercnt sdeclioa 
of the OPDs according to their sign, where instead of having a frequency vahie or not, 
two frequencies diff^ent from zero are generated depending on &e OPD sign- 
To illustrate the principle, consider that the object has an optical flricknfiSS T <D, where 
D is the maximum depth range in the apparatus. Consider that the spectram dispmii« 
means is a diffi-action grating. In this case, the maximum dq)th range can be 
approximated as D = <No +Nr)X, where No and Nr are the number of grating Km 
covered by the relatively displaced object beam and the relatively displaced refer 
beam respectively. Consider that the gap between the displaced beams is larger than the 
sum of their radiuses which makes the apparatus sensitive to one sign of OPD only. 
Consider that the orientation of the grating is such that the q)paratus selects the positive 
sign of the OPD only. When all layers in the object are in the positive range of the 
depth, then all frequencies in the spectrum of the signal ouiput of the readily elemuot 
are in the range up to kD, where k is the apparatus conversion co^cicait between OPO 
values and electrical fitsquency. 

All layers are present in the A-scan dehvered by the embodiment in Fig. 3 or in the B- 
scan images deHvered by embodiments in Fig. 5-8. If accidentally tiie object moves 
closer to the apparatus, frequencies are generated for layers in the positive OPD rai^ 
and no frequencies are generated for layers of the object in the negative range. Consider 
the extreme case where the object is so close to the apparatus that its middle thickness 
conesponds to OPD = 0. In this case layers from T/2 up to T are di^layed in the A- 
scans or B-scan images and layers between 0 and T/2 eliminated. However, ttose layers 
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could be recovered if the low coherence beam coming from &e souioe is duplicated and 
delayed by a differeDtial delay, A. where T < A <D. In Ihis case, the scatterers aroimd 
the top of the object produce a frequency close to kA while the scatterers around the 
middle of the object a fiequency k<A - TO). The layers fiom m to T detennine 
frequencies in iuci easing order up to lcT/2 while the layera in the negative OPD range 
are sent in inverse order in the range of frequencies k<A - T/2) to kA. He two pails of 
the A-scans or B-scans can be synthcsised togelher to leconstract Ihe image by software 
means and give a coired image. If all layers go into the neg^e OPD range, then a 
continuous complete A-scan or a continuous complete B-scan is obtained for the 
tHckness T, but oriented the other way around, from high to small frequencies, i.e. from 
k(A- 1) to kA, however correct, with no superposition of layers (no mirror t<anis). 



There are different ways to create a replica of a source delayed by A.^or e 
single mode couplers in series could be used, with the two outputs of the first coupler 
connected to the two inputs of the second coupler to form a M«Jh Zehnder 
configuration. In ibis aixangement, the differential delay between the two leads of fl» 
connecting fibres between the two couplers introduce the delay. At the output of tte 
second coupler, two replicas of the optical sources result, one for eadi path connectii« 
djs two colliers in betweeai. 

Alternatively, introducing a glass plate halfway through the beam 3 from the source in 
Fig. 3, 5. can accompHsh the same task. The plate has to be introduced into the beam in 
the configuration A. B according to the terminology in Podoleanu's papers. TWs means 
that the left and right parts of the launching beam 3 are identical, which requires that fee 
plate is introduced with its edge paraUel with the set-up plane. When using a di£&acti<m 
grating as the dispersing element, the edge of the plate is perpendicular to &e diffraction 
grating lines. 

As another alternative, a cavity low coherent source could be used. A cavity low 
coherent source is a laser, e.g. a laser diode, driven below threshold. In feis case, the 
multiple reflections on the cavity laser walls has the same effect with the introduction of 
the delayed replica above using couplets or plates. Hie loundtr^ wifliin the cavity iea^ 
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to tte generation of lepetitSve replicas delayed by multiples of the cavity lej^ 
Multiple peaks appear in the electrical sigaal deHvered by the electrical analyser 91 
corresponding to OPD values equal to multiple values of the cavity length, as shown by 
the experiments described in Podoleann's papers, using commercial laser diodes, at 
multiples of 22 mm. 

This principle could also be used for instance in efficiently using the reminiscent ripple 
in the spectrum of superlmniscent diodes (SLD) as welL SlDs are non-cavity sources, 
hi SLDs, one of the waveguide facet is angled and anti-reflection (AR) coated to avoid 
fonnation of a cavity and gain is obtained for rays traversing the active medium onoe 
only. Hov»?evcr. tilting the waveguide and AR coating it does not eliminate the ronndttip 
of some rays within the active medium and SUDs exhibit s^lite peaks in thdr 
autocorrelation fimction at OPD values 2-5 mm. Ilese satellite peaks practically limit 
the maximum range of OCT depth up to thdr OPD valu«. » is advantageous in this 
case to introduce a differential delay using two couplers or a miaoscope slide plate 
which creates a differential delay A matchmg the satellite peak OPD. 

The introduction of the differential delay between the source and the apparatus or the 
utiHsation of a multimode laser below threshold has the effect of shifting the deptii of 
range of interest. This could be appUed in circumstances wheal tbe frequency in the 
output of the electrical signal analyser is close to zero for a given OPD of interest 
Instead of using a frequency component f, the frequency ff^ is used. Uris is possfefc 
when using a differential delay smaller than half of the maxhnum depth ran^ D. TWs 
is restricted to thin objects with T< D/2, however the method is advantageous as it 
produces two A-scans or two B-scan images, where the visibiKty of scatterers varies in 
opposite directions within them. For the first tomogram (A or B-scan) in the rai^ 0 to 
T, the visibiUty goes up in the first image, correspondii^ to frequencies up to ^ and 
down in the second image of frequencies £i/2 iq> to 4- 

Such methods using a source with a delayed replica could also be used in ^bodimcnts 
having more than one chamiel, such as those described above in relation to Fig P.Ihe 
embodiment described above in relation to Fig. 9. having agap between the two beams 
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larger than the sum of the radiuses of the two displaced be^s, produces an unique 
selection in depth. A given OPD value is transited into a frequency value, f, i.e. into a 
repetition of peaks and troughs in the channeUed spectrum, and depending on the OPD 
sign, will be deUveredby the P or theN channel. So the t\vo frequencies generated are f 
but they appear at different outputs depending on the OPD sign. 

If the low coherence source beam is sent via a differential delay, A, into 
interferometer, then for OPD = 0. a component conresponding to the differential delay is 
present in the channelled spectrum of frequency f^. in both channels, P and N. In this 
case, the frequency for the OPD is again in the chaund P. but another peak is noticed 
in tlie channelled spectrum of the channel P, of frequency f»- 4 and fii-f in Ae otijer 
channel, N. If the OPD in the interferometer has opposite value, then the modulation 
frequency is f in the channel N and 4-f in the channel P. This leads to a dilTer^ 
selection of the OPDs according to their sign, where different frequencies are generated 
at two difierent ontputs. 

Other embodiments and alternative arrangements to the spectral interferometexy 
apparatus which has been described above may occur to those skilled in the art, wiliioiit 
departing from the spirit and scope of the appended claims. For exanq>le. in 
embodiments described with reference to Fig. 5. 6, 7, 8. 9, the photodetector array could 
be a two dimensional (2D) CCD camera. In such a situation, each row (column) could 
be utilized for the spectrum evaluation of the signal backscattered from pixels aloi^ a 
transverse line in the target object 55. and the 2D transverse seamier can be replaced by 
a one dimensional (ID) scanner, to scan in a direction perpendicular to that acquired by 
the CCD airay. In this way, three dimensional (3D) volumetric data can be acquired, 
with one transverse direction covered by the CCD array aiuitise other rectai^afer 
transverse direction coveted by the tiansvefse scamwr. 

Alternatively, the scanner in the object palh can be eliminated in which case, when 
using a 2D CCD array, OCT B-scan images could be generated using the 2D CCD anay 
cmly. 
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When using a 2D CC3D airay in the examples above, the beam 3 is coUimated using the 
element 2 along a line nonnal to the plane of the drawings, of length equal to the hei^it 
of the CCD aixay and the elements 4, 61, 62, 51 and 52 are sufficiently wide. The 
scanner head 10 is eliminated for B-scan imaging and if volumetric data is inquired a 
ID scanner head is used, with sufficient size to handle and project a line ova: flie tissue, 
employing means known to those skUled in the art Analogously, if the embodimeiit in 
Hg. 5, 6, 7, 8 is used, then the elements 2 and 33 prepare linear coHimated beams aloi« 
lines perpendicular to the plane of the figure. Again, the seamier he^ 10 is eUminated 
for B-Bcan imaging and if volumetric data is required, a ID scanner head is used, wife 
sufficient size to handle and project a line over the tissue, employing means known &r 
those skilled in the art 

The method mad apparatuses subject to the invention are obviously compatible wifli 
metliods of spectra averages or spectra evaluations coUected at dffiereat accurately 
controlled OPD positions, methods known in the art of phase shifting spectad 
interferometry. By manipulating such spectra acquired at smaU OPD stq>s as 
subdivisions of a wavelength, further reduction of the noise can be achieved aceoidii« 
to methods known for those skilled in the art, as mentioned above A noisy channeled 
spectrum arises due to beating between the rays in the reference beam. This can be 
attenuated by superposing two spectra collected at a phase difference of «, as desaibed 
in the paper «J« vivo human retinal imaging by Fourier domain optical coherence 
tomography", published by M. Wojtkowsld, R. Leitgeb, A. Kowalczyk, T. 
Bajraszewsfci, A. F. Fercher, in the L Biomed. Optics 7(3), (2002), p. 457-^3. 
Alternatively this can be attenuated by superposing several spectra at several OPD steps 
as described in the paper by M. Woj&owski in Optica Applicata mentioned above. By 
supeiposing such spectra, the noise is cancelled and the channelled spednmx due to fee 
OPD between the two beams m the interferometer is enhanced. Such a method could 
equaffly be appUed to embodiments of &e present invention by displacing the translation 
stage 63 unda the control of the processor 46 in synchronism with the readii^ element 
9, analyser 91 and the scanna- 10, for each pixel in transversal section, a coordinate X in 
the case of B-scan image, or (X,Y) when volumetric data, is acquired. Also a numba: M 
of channelled spectra are acquired for iWstqjs of the translation stage. After an A scan 



wo 2005/040718 



PCT/G»2004/0«43R51 



36 

iB evaluated out of the M specUa, a fimctioii wMth could be perfonned by ^ same 
processor 46, the transverse scanner is advanced to the next tiansverse pixd. 

The method and apparatuses subject to the invention are compataie with pdarization 
modulators. Combining elected polarization states in the two aims of the interferometer 
(i.e. the object and reference optics), information on the depth resolved pdarization of 
the target can be inferred, such as Stokes vectors, as presented m 'Ttetennination of 
depth-resolved Stokes parameters of light backscattered&om tmbid media by use of 
polarization-sensitive optical coherence tomogiaphy", pubKshed in Opt. Lett, 24, No. 5. 
pp.300-302, 1999, by J.F. de Boer, TB. Milnor, J.S. Nelson, or cornice Mueller matrix 
infoimation as described in "Optical-fiber based MueUer optical coherence 
tomography", published in <7iPf. L^, 28.No. 14, pp. 1206-1208, 2003. by S. Jiao, W. 
Yu, G. Stoica, L. Wang. When ftese fimctions are implemented using the method and 
j^paratoses according to the present invention, unique recovery of polarization sensitive 
A-scans is obtained and unique polarization sensitive B-scan m^s are generated. 

For phase resolved OCT, stroboscopic illumination together with phase modulation iB . 
one of the interferometer arms has been presented, known as the method of four 
buckets, as presented in {A. Dubois. L. Vabie. A. C. Boccsra. et at. "BBgh-jesohrtiaB 
foil-field optical coherence tomography with a linnik microscope^" Aj^ Qptics 4im 
805-812 (2002) and H. Saint-James, M. Lebec. B. Beauiepaiie. A. Diibofe, A. C 
Boccara, "FuU field optical coherence microscopy," m Handbook of cptical coherence 
tomography, B. E. Bouma, G. J. Teamey eds., (Marcel Ddcker Inc. New YoA-Basei. 
2002) 299-333. The method and ^paratuses according to the present invention »e 
compatible with phase modulation and synchronous switching of the iUuminating 
In this way. by combimng the four spectra acquired for difiRaent phase shifts. an^Iitude 
and phase infonnationA-scan are retrieved, llie method is applicable in ti»det^ 

small deviations and Doppler OCT. 

The polarization modulators or/and phase modulatora. in bulk or in-fibre could be 
introduced anywhere in the obj ect optics or reference optics or between the di^lKang 
meaaos and the dispersing dements. 
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Throughout the disclosure, the teim reflectivity was used because the majority of 
applications in OCT is in imaging lie tissue in reflection. However, in the microsct^y 
of biologic tissue, imaging in transmission is also used. It should be obvious for ttiose 
skiUed in the ail to understand that the embodiments of the present disclosure as 
described in Fig. 5-9 can be easily altered to investig^c and image the object in 
transmission^which case ae light is not returned to the main optical spHtter4andto 

flnrd optical palii is that collecting the light from the object. Siimlarly, a chain of 
sensors can be investigated in transmission. Therefore, where reflectivity is used, this 
should be also understood as sampled fansmission in dspih when the object k 



The foregoing description has been presented for the sake of illustration and dcscrrpHon 
only. As such, it is not intended to be exhaustive or to limit the invention to the precise 
form disclosed. For example, modifications and variations are possible in light of 
above teaching which are considered to be within the scope of the present inventi«L 
Thus, it is to beundetstoodthat declaims appended hereto are intended to cov«r afl 
such modifications and variationswMchiaU within ftfi true scope of flieinv^t^ 
Other modifications and alterations may be used in the design airf m^ufict«« of 
apparatus of the present invention without departing from the spirit and scope of fte 
accompanying claims. 

For the scope of the invention, the multi-layer object couldbe tissue, hut equally cotAi 
signify an optical path leading to multiple optical path ofdifi««otlengdis to mul^^ 
sensors in a structure of multiplexed sensors, and the method disclosed h«« could be 
employed to selectively access a sensor or a group of sensors accoadiiig to 

eiflicr IB reflection or transmfesioB. 
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1. spectral interferometry apparatus, comprising an interferometer ad^ted to be 
excited by an optical source, the said interferometer comprising: 

object optics aixanged to transfer a beam &ovi the optical source to a tai^ 
object to produce an obj^t beam; 

reference optics arranged to produce a reference beam; 

displacing means arranged to displace at le^t one of the object beam and the 
reference beam to produce a relatively displaced object beam and a relatively displaced 
reference bean^ 

wherein there is an optical path difference between Ihe relatively displaced 
object beam and the relatively displaced reference beam generated in the interferometer, 
and 

optical spectrum dispersing means arranged to receive tiie two relatively 
displaced beams, and to disperse their spectral content onto a reading elcmai^ 

wherein in use the combination of the di^lacing means and the optica! spectrum 
dispersing means is arranged to create an intrinsic optical delay between the wavctraiBS 
of the two relatively displaced object beam and the relatively displaced reference beam 
which can be used with the optical path difference in the intrafcrometer tolerate a . 
channelled spectrum for the optical path difference in the intsferometer on flie reading 
element; sad 

wherein the displacing means is adapted to relatively displace the object beam 
and the reference beam to produce the relatively displaced object beam and tiie 
relatively displaced reference beam using one or a combination of reflection, deflectiom, 
or refraction of at least one of the objret beam mid fte referoice beam. 

2. Spectral interferometry apparatus according to Qaim 1 , wherein the displ^ai^ 
means comprises at least two reflective elements, one of said at least two reflective 
elements being arranged to reflect the object beam and another of said at least two 
reflective elements being arranged to reflect the reference beam. 



3, Spectral interferometry apparatus according to CSaim 1, wherein the displacing 
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means comprises at least one optic-optic modulator. 

4. Spectral interferemetiy apparatus, comprising an interferometer adapted to be 
excited by an optical source, the said interferometer comprisii^: 

object optics arranged to tranisfer a beam from tiie optical sowce to a taig^ 
object to produce an object beam; 

reference optica arranged to produce a reference beam; 

displacing means ananged to displace at least oue of &e object beam and tbe 
reference beam to produce a relatively displaced object beam and a relatively displaced 
reference beam; 

wherein there is an optical paUi difference between the relatively displaced 
object beam and the relatively displaced reference beam generated in the intaff^eter. 
and 

optical spectrum dispersing means arranged to receive the two relatively 
displaced beams, and to disperse flieir spectral content onto areading clement; 

wherein in use the combination of the displacing means and the optical spectrum 
dispersmg means is arranged to create an intrinsic optical delay between the wavetrains 
of the two relatively displaced object beam and the rdativcly displaced reference beam 
which can be used with the optical path difference in the interfiBtometcr to g^cnte a 
channelled spectrum for the optical pa& difference in the interfaometer on fiie reading 
dement and 

wherein the object optics includes object fibre optics comprising an object Bbro 
end airanged to transmit the object beam and the reference optics indudes refeteoce 
fibre optics comprising a reference fibre end arranged to transmit the lefeiemse beam 
and the displacing means is arranged to move the relative positions of the objecf&m 
end and the reference fibre end in order to produce the rdatively displaced object beam 
and the rdativdy displaced referencse beam. 

5. Spectral interferometiy apparatus according to Claim 4, wherein the di^teang 
means is further airanged to produce the relatively displaced object beam and tiw 
relatively displaced reference beam by a combination of moving the relative positions of 
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ae object fibre end and the reference fibre end and any one or combination of 
reflection, deflection, and re&as&m. 

6. Spectral inteifeiometry apparatus, comprising an interferometer adapted to be 
excited by an optical source, the said inteiferometcar comprising 

object optics arranged to transfca: a beam from the optical somce to a tai^ 
object to produce an object beam; 

reference optics arranged to produce a reference bcann; 

displacing means arranged to displace at least one of fee object beam and the 
reference beam to produce a relatively displaced object beam and a relatively displaced 
reference bean^ 

wherein there is an optical path difference between the relatively di^laced 
object beam and the relatively displaced reference beam generated in the interferometer, 
and 

optical spectrum dispersing means arranged to receive the two rdaiiyely 
displaced beams, and to .Asperse their spectral content onto a reading element; 

wherein in use flie combination of the displacing means and the optical spectrum 
dispersing means is arranged to create an intrindc optical ddaybetweeai fee wavetrains 
of the two relatively displaced object beam and the relatively displaced referase beam 
which can be used with the optical path di£Ference in the mtafeomctBrlo geoaate a 
chamiened spectrum for the optical path difference in the interf«omet«r on fee leadii^ 
elemoit; and 

wherein one of the object optics or the reference optics inchides fibre oplfe* 
comprising a fibre end arranged to transmit a respective one of the object b^ or fee 
reference beam, and the displacing means is airangcd to produce the relatively displaced 
object beam and the relatively displaced reference beam by movement cifbs fibie cod. 

7. Spectral interferometry apparatus according to Claim 6, wherein the disfdacii^ 
means is further arranged to produce the relatively displaced object beam ai^ the 
relatively displaced reference beam by a combination of moving the fibre end and any 
one or combination of reflection, deflection, and neftaction. 
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8. Spectral interferomeHy appai^tus according to any one of the precedii^ claims, 
wherein the displacing means is adapted to alter the diametei^ of at least one of the 
object beam and the reference beam. 

9. Spectral interferomelry apparatus according to preceding claim, further 
comprising means arranged to control the optical path difference in the interferomet«r. 

10. Spectral interferometry apparatus according to any piccedi,^ claim, further 
comprising means arranged to control 'Jae intrinsic optical delay between the relatively 
displaced object beam and the relatively displaced r 



11. Spectral interferometry apparatus according to Qaim 10.wherdntl 
arranged to control the optical path difference and the inHindc optical delay comprises 
processing means. 

12. Spectral interferometry apparatus according to any preceding claim, wherein fte 
reading element is arranged to provide a signal to a signal analyser, the signal analyser 
being arranged to determine the distribution of reflections or scattering points in a d«!pHi 
ran^ within the target object 

13. Spectralinterferometryapparatasaccor^gtoClaiml2,wh«dnthe^parat^ 
is arranged to adjust the depth range by adjusting the diameter of at least one of tbe 
relatively displaced object beam and the relatively displaced reference beam. 

14. Spectral interferometry apparatus according to any preceding claim, furflier 
comprising means to matdi the polarization ofthe relatively displaced oluectffl^ 
relatively displaced reference beam with that of the c»ptical dispersing means. 

15. Spectral interferometry apparatus according to any preceding daim, fiarther 
comprising means to compensate for dispersion in the ii 
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16. Spectral interferometry apparatus according to any precediiig claim, wherein Hie 
displacing means is adapted to relatively orient the relatively displaced object beam and 
the relatively displaced reference be^ in a displacement plane. 

17. Spectral inteiferomelry apparatus according to Claim 1 6, wherein «ie displacir^ 
means is adapted to permit adjustment of the relatively displaced object beam and the 
relatively displaced reference beam until fliey become p^el in the displacement 
plane. 

18. Spectral interfercmetry apparatus according to Qaim 16 or 17. wherein the 
displacementmeans is arranged topemut an adjustable lateral superposition of &e two 
relatively displaced beams in the displacement plane onto the optical ^ctrum 
dispersing means in order to enhance the strength of the signdfor smaU optical path 
difference values, wherein the lateral superposition is from partial superposition to a 
total ovfsAep. 

19 Spectral interfercmetry apparatus according to any preceding daim, wherein the 
displacing means is ad^ted to relatively orient the relatively displaced objectbeam and 
the relatively di^laced reference beam such that they hit different p<»tions of tiie 

optical spectrom dispersing means. 

20. Spectral Interferometry apparatus according to any one of the preceding claims, 
wherein the optical spectrum dispersing means comprises any one <rfor combination of: 
a dif&action grating, a prism; a group of prisma a^up of dif&action gratings. 

21 . Spectral interferometry apparatiis according to Claim 20, wherein the optical 
spectrum dispersing means comprises a dif&action grating, wherein grating Ums of the 
dif&actiongratingareperpendiculartoalineconnectingtiieceotreofliieielat^ 
displacedreferencebeam and the centre of the relatively displaced object beam. 

22. Spectral interferometry apparatus according to Qaim 21, wherein the <^tical 
spectrum dispersing means comprises a prism including an entrance surface, wh<aiaii a 
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line compacting the centre of Ihe relatively displaced reference beam and &e centre of 
the displaced object beam, is wiainlheplanedefinedby the normal to the<.^ 

sui&ce of this piism and its bisectrix. 

23 Spectral interferomelry apparatvxs according to any one of the preceding claims, 
wherein the reference optics comprises at least one i^cctor airanged to provide a 
reference Hghtsourcebyreflectingabeam of the optical source, wherein the position or 

tilt of the reflector canbe adjusted in ord^ to control the opticalpaflr difference of Ihe 
relatively displaced object beam and the relatively displaced reference beam. 

24 Spectral interferon^etry apparatus according to any one of the preceding claims, 
wherein the reference optics is arranged to transfer an optical beam from the optical 
source to the displacing means along via fibre optics or via reflectors airanged to 
prevent light fonn being sent back to the optical source. 

25 Spectral interferometry apparatus according to any one of the preceding claims, 
wherein the object optics comprises a fir^ zoom element arranged1» after the dimeter 
of the object beam. 

26 Spectral interferometry apparah« accordingto any one of the preceding claims. 
fWher comprising a third zoom elem^ arranged to alter the diameter of the relatxvdy 
displaced object b^m. 

27 Spectral interferometry apparatus according to any one of the preceding daims. 
wherein the reference optics comprises a second zoom elemait arranged to alter the 
diameter of the reference beam. 



28 Spectral interferometry apparatus accordmgto anyone of the precedii^ cWrns. 
furthc^comprisingafowth zoom element arranged to alter the diametaro 

displaced referaice beam. 
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29 Spectral mto-ferometry apparatus according to any one of the preo«3iBg claim., 
.toin the displacement xneaBS is a^aBged to create an adj^^^^^^ 

.datively displac^beams in o^der to adj^ the Hunimumopticalpalhdiff^^ 
fo^^vhichan.odulatio^of1he optical spectrum couldbe sensed at the reading d 

30 Spectral interferometry apparatus according to Claim 29, wherein int^ference 
betweeathe two relatively displacedbean^s in the interferoHxetertakesplacee^^^^^^ 

the said reading demeol. 



31 Spectral interferometry apparatus according to any preceding claim, wherem 
interferencebetween the hvo relatively displacedheams is arranged to take place 
partially on the said reading dement and partially on the said optical ^ectrum 



32. Speclxal int^ferometry apparatus according to Claim 31, ^^'herein the displaong 
means is arranged to adjust the amount of lateral superposition of the said displaced 
beams in order to enhance the strength of ihe signal for small optical pafli difTereace 
valoBS. 

33 SpectralinterferometryapparatusacoordmgtoClaimaPorSOwhend 
on aaim 11, wherein iheprocessingmeans is anranged to control the displacing mean^ 
in order to adjust the between therektivelydispkcedobjecth^andfl^relatt^^ 
displaced ref^encc beam in order to alter the minimum opticdpaJhdiffer«^ 
whichamodnlation of the optical spec^oouldbe sensed at the leading el^ 

34. Spectral interferometry apparatus according to any one of fl« preceding dwaia, 
wherein the object optics farther comprises a scanning element, the scanning e' 
being arranged to scan the target object 
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35. Spectral interferoinetry apparatus according Qaim 34, whefein iJie sc; 
element is airanged to perfoim any one of combination of: linear scaniBUg; raster 
scanning elicoidal scanning; circnlai scanning; or any other random shaped 

36. Spectral interferoinetry apparatos according to any one of ihe preceding claims, 
further comprising focusing elements in the object optics to enhance the signal strei^ 
JB-om a particular depth within the object 

37. Spectral intcrferometry apparatus according to any one of the preceding claims, 
wherein the interferometer comprises an in-fibre or a bdk interf^meto: or a hybrid 
interferometer of in-fibre and bulk componoits. 

38. Spectral interferomctry ^paiatus according to any one of the preceding claims, 
whae the said optical source is a low cohereace sottree. 

39. Spectral interferomctry apparatus according to any one of the preceding claims, 
wherein the said reading element comprisesiaphotodetectorairayjaCCD linear array; 

a two dimensional anay of photodetectors; a two dimensional CCD array; or a poiat 
photodetector over which the dispersed spectrum is scanned. 

40. Spectral intcrferometry apparatus according to any preceding claim, further 



beam spUtling means arranged to recdve ihe object beam and flje reference 
beam and to produce a second object beam and a second refeiraice beam; 

second displacing means arranged to displace at least one of ihe second obj«^ 
beam and the second ref^ce beam i» produce a second relatively ^s^Aaced object 
beam and a second relaiivdy displaced reference beam, 

second optical spectrum dispersing means ananged to recdve the second 
relatively displaced object beam and fee second relatively diq»laoed refeience beam, 
and to disperse their spectral content onto a second reading ekanen^ 

wherein in use the combination of the second displacing means and the second 
optical spectrum dispersmg means is airanged to create a second intrinsic optical dday 
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between the wavetrains of the secoBd relatively displaced object beam and the second 
relatively displacedreference beam which can be used with the optical path diferenoe 
in the int^ferorneter to generateachanneUedspectxumforIhe optical path d»^^ 
the interferometer on the second reading element 



41 Spectral inteiferometry apparatus according to Claim 42. wherein the 
displacing means is adapted to produce ihe second relatively displaced object beam and 
the second relatively displaced reference beam by using one oracombination of 
reflection, deflection and refraction of at least one of the second object beam and the 
second reference beam. 

42 Spectral interferometiy apparatus according to any one of claims 40 and 41. 
wherein the optical spectrum dispersii^ means and the second optical dispersing means 
axe oriented in such waylhat in combination wilh their r^pectiverelati^^^^ 
objectbeam and relatively displaced reference beam, the spectranydispmedbeai^ 
from the optical spectrum dispersing means and the second optical dispersing means 
exhibit intrinsic delays of opposite sign. 

• 43 Spectralinterferometryapparatusaccoxdingtoaaim42whe«idepend«nt«i 
Claim 12 or any claim dependent on Claim 12, v^^^n the second reading elem«it is 
arranged to provide a signal to a second signal analyser, the ^aratus beir« ananged to 
provide a profile of reflectivity vmus optical path diffeence for the 1^ ol^jeot 
covering both sign, of optical path difference values on the basis of signals onlput fiom 
the signal analyser and the second signal analyser. 

44. Spectral interferometry apparatus according to claim 42, wherein the second 
optical dispersing means comprisesadiffiactiongratingorgri^^ihedifi^ 
grating or grating being arranged to diffract orders of opposite sign to the sddreada* 
element and the said second reading dtanant 

45. Spectral interferometry apparatus according to claim 42, wherein the optical 
dispersing means and the second optical disp^g means each comprises one or more 
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prisms, the one or more prisn^s being axra:.ged such that the relatively displaced object 
bemn or the relatively displaced reference beam is closest to prism apex iB€.eopt«:al 
dispersingmeaBS and the second relatively displaced refereace beam or the second 
relativdydisplacedobject beam respectively is closest to the prism apcK in the 

optical diqjersing means. 

46 Spectral interfexometry apparatus according to any one of claims 40 to 43, 
wherein a signal onlput of each of the reading element and the second reading elemeirt 
is s^t to a separate frequency to amplitude converter, the apparatus being arranged such 
that the output of one frequency to amplitude converter is smmned to an inverted output 

of the other frequency to amplitude converter in order to provide a signal strength 
proportional to the axial position of a single layer object irrespective of the OFD sign. , 

47 Spectral interferometiy apparatus according to any preceding claim, Mer 
comprisiDg: 

third beam splitting means airanged bet^^'een the displacing means and the 
optical spectnm. dispersingmeaus, thebeam spUtting means being arranged to r^^^^^ 
the relatively displaced object beam and the relatively displ^^ed reference bcamlo 
produceathiidrelativelydisplacedobjectbeamandaftiidrelativdydispW 

refewaice beaim 

thirddisplacing means arranged to adjust the relative displacemait of at least 
oneofthethirdrdativelydisplacedobjectbeamandlhethiidrelativd^ 
reference beam; 

third optical spectrum dispei^means arranged to i«cdve the thnd^latrvely 
displaced object beam and the third relatively displaced reference beam, andto da^ 
their spectral content onto a second reading elenaent; 

wherein in use the combination ofthe third displadi^ means aiidlhelhiidoi^ 
spectnnn dispersing means is arranged to createathirdirdrinsk.^ 
the wavetrainsofthe third relatively displaced object beam and ftelhiidie^ 
displaced reference beam which canbe used with the optical path differ 
interferometer to generate a chamxelled spectnnn for the optical path diff«enoe m the 
interferometra on the third reading elQiMajt 
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48 Sp.cWin.«f«om*yapp^nocordfeg.oadm42,«h«emtheflind 
dispIaomgm«^i.aa^tedtoac.ju=.fh.,daUvedisplacem«tofa.Iea5toncof4» 

^.^eoracomtotfca of r^ecSo:. deflection and xetaoti^ of at lea^oBe of ft. 
fl^,.,ativelydi,lacedobieo.Wand.h.«rdreUtivdydM.c«drrfemK^ 

49 Speotrdinterieromdryappa^t^acccrdtogtoanyp^cedinEdain^wheretafte 
so„ceisaloweote«^scmrc.l» output of .hid.i.sarf>vi«b.dd.y«dr^Bcat,y 

means of an optical dupHcatiiig eJauH*. 

50 SpeotraIintaferomcSya^tusaceordmgtoClata49,«he^11»op1ic.l 
duplicating Clemen. eomprise..fir=tsbe.emode cottier whose oututsa^con^ 
to two inputs ofa^cccnd .ingle mode coupler in ordertoc«teftcdcl.ycd,^Iic.of 

the optical source 

51 Spect,aliu.exfen.mc.xyapparatos»«rding.oCto49.wh«.dq.endentoo 

aaim 16, wherein the optical duplicating demeo. compAe. . 
„>a,crialinthcfonnofapla.ewi.hpa,anelsu.fi>e«.wW*k««»tacedha^ 
through into theheam of the optica «,ur«in»ch.w.y twit. edgei.p«ndU,4. 

displKieanent plane. 

52 Spectral interferometry apparatus accordingto as^precedh^ddm. v^lbe 
somceisalowcoherencesourceconq,rismgalaserdrivenbelowfhresl«»ld. 

53 A spectral iBterferometry method, conaprisii^ 

using an interferometer to output an object beam and a reference beam; 

reflecting, deflecting or refracting at least one of said object beam and^ 
referencebeam in order to relatively displace at least one ofthe object beam and the 
referencebeam to producearelativdy displaced objectbeamandarelativeiydispl^ 
reference beam, wherein there is an opticd path differeace between thcrclatm^ 
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displaced object beam and the relatively displaced referexK:e beam generated in the 
interferomet«; 

dispersing the two relatively displaced beams according to their optical spectral 
content onto areading element u^dng an optical spectrum dispersing means; 

wherein the combination of reflecting, refracting or refractmg said object beam 
and said reference beam to produce a relatively displaced object beam and a relatively 
displaced referencebeam and dispei^g the t^^'oreIativdydiq)lac.d beams usmga 

optical spectrin dispersing means leads to an intrinsic optical delay between the 
wavetrains in the two relatively displaced beams which canbe used wifli the optical 

path difference in the interferometer to generate a channelled spectrum for the optical 
path difference in the interferometer. 

54. A spectral interferometry method, comprising an intcitferomet^ ad^ted to be 
excited by an optical source, the said interferometer comprisii^ object optics and 



reference optics, the method c , 

using the object optics to transfer a beam from the optical somce to a target 

object to produce an object beam; 

using reference optics to produce a reference beam; 

using di^lacing means to displace at least one of the object beam and tbe 
reference beam to produceaidatively displaced object beam andaielatively displaced 

reference beam; 

wherein there is an optical path difference between 4e relatively displaced 
object beam and the relatively displaced reference beam gcneiated in the interferometer, 
and 

using optical spectrum dispersing meanstorecdve the two reMvdydig»laoed 
beams, and to disperse their spectral content onto a rca^ eiemeafe 

wherein the combination of the displacing means and I3w optical spectnan 
dispersingmeans is arranged to create an intrinsic optical delay between fliewa^ete^ 

of the two relatively displaced object beam and the relatively displaced reference beam 
which can be used with the optical path difference in the interferometertogen«atea 
chamielled spectrum for the optical path diff^e in the interferometer on the leading 
elemezit; laid 
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Wherein ihe displacing means relatively displaces the object beam and the 
reference beam to produce the relatively displaced object beam and the relatively 

displaced reference beam using one or a combination of reflection, deflection, or 
refiaction of at least one of the object beam and the refcarence beam. 

55. A spectral interferometry method, comprising using an interferometer adapted to 
be excitedby an optical source. Ihe said interferometer including object optics and 
reference optics, the method comprising: 

using the object to transfer abeam from the optical somce to atar^et object to 

produce m object beam; 

using reference optics to produce a reference beany 

using displacing means to displace at least one of the object beam and the 
reference beam to produce a relatively displaced object beam and a relatively displaced 
reference beam; 

wherein there is an optical path difference between the relatively displaced 
object beam and the relativdy displaced reference beam generated in the interferom^e^^ 

and 

optical spectrum dispersing means arranged to receive the two reJatively 
displaced beams, and to disperse their spectral content onto a reading elem«a; 

wherein the combination of ihe displacing means and the optical spectrum 
dispersing means is arranged to create an intrinsic optical delay between the wavetr«ns 
of the two relatively displaced object beam and the relatively displaced iefcr«we beam 
which can be used with the optical path difference in the interfeiomcter to generate a 
channeUed spectrum for the optical path differt^e in the interferomet^ on ti« 



wherein the object optics includes object fibre optiw oonprising an ol^ject fibre 
end arranged to transmit the object beam and the reference optics inchides reference 
fibre optics comprising areference fibre ^d arranged to transmit the leferenne beam 
and the displacing means moves the relative positions of the object fibre end and Ihe 
reference fibre end m order to produce the relatively di^laoed object beam and fee 
relatively displaced reference beam. 
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56. A spectral interferometry method according to Claim 55, further comprising 
using the displacing means to produce the relatively displaced object beam and the 
relatively displaced referencebeambyacombination of moving the relativepositions of 

the object fibre end and the reference fibre end and any one or combination of 
reflection, deflection, and refraction. 

57. A spectral interferometry method, comprising using an interferometer adapted to 
be excited by an optical source, the said inteiferometer including object optics and 



reference optics, the method c , 

using object optics to transfer a beam fiom the optical source to a target object 1» 

produce an object beam; 

using reference optics to produce a reference beam; 

using displacing means to displace at least one of the object beam and tte 
reference beam to produce a relatively displaced object beam and a relatively displaced 
reference bean^ 

wherein there is an optical path difference between the relatively displaced . 
object beam and the relativdy displaced reference beam generated in the interferom^^^ 

using optical spectnnn dispersing means to receive the two rdaJivdy displaced 
beams, and to disperse their spectral content onto a reading clement; 

wherein in use the combination of the displacing means and the optical spectnim 
dispersingmeans is arranged to create an intrinsic optical dday between the wavetrains 
of the two relatively displacedobject beam and the rdativdydispiaccdrefcrtmce^ 
which can be used with the optical path difference in the intcrf^ometertoga^^^ 
channelled spectrum for the opticalpath difference in the interferometer on th^ 

elemesat; and 

wherein one of the object optics or (he reference optics includes fibre 
comprising a fibre end arranged to transmft a respective one of the object beam or fhe 
reference beam, and the displacingmeans produces the relatively displaced object beam 
andtherelativelydisplacedreferencebeambymovementofaefibreedd. 
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58. A spectral interferometry method accoiding to Oaim 56, «er comprisa^ 
using fte displacing means to produce the relatively displaced object beam and the 
relativdy displaced reference beam byacombinatioa of moving the fibre «nd and any 

one or combination of reflection, deflection, and refraction, 

59. A spectral interferometry method according to any one of Gaims 54 to 58, 
fbrlher comprising using the displacing means to alter the diameters of at least one of 
the object beam and the reference beaoL 

60. A spectral interferometry method according to any one of Claims 54 to 59. 
further comprising conlrolhng the optical path diffaence in the interferometer. 

61 . A spectral iBterfei-ometiy method according to any one of Qaims 54 to 60, 
further comprising controlling the intrinsic optical delay between the relatively 
displaced object beam and the relatively SsphceA leferenoe beam. 

62. A spectral interferometry method according to CHaim 61. further comprising 
using processing means to control the optical path difference and the intrinsic optical 
delay cono^mses processing means. 

63. A spectral interferometry method according to any one of Caaims 54 to €SL, 
further comprising using the reading element to provide a signal to a signal analyser, 
and using the signal analyser to determine the distribution of reflections or scattering 
points in a depth range within tiie target object 



64. A spectral interferometry method according to Qaim 63, forther o 
adjusting the depth range by adjusting ^e diameter of at least one of the relatively 

displaced object beam and the relatively displaced reference bean. 

65. A spectral mterferometry method according to any one of Qaims 54 to 64, 
forther comprising using means to match Ihe polarization of the relatively displaced 
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Object and the relatively displaced reference beam mih that of the optical &^t^ 
mems. 

66. A spectral interferometry method accordingto anyone of Claims 54 to ^5, 
iurther comprising using means to compensate for disp^sion in the interferometor. 

67. A spectral interferometry method according to any one of Qaims 54 to €6, 
further comprising using the displacing means to relatively orient the relatively 
displaced object beam and the relatively displaced reference beam in a displacement 
plaiw. 

68. A spectral interferometry method according to Qaim 67. wherein the displacing 
means adjusts the relatively displaced object beam and the relatively displaced rtf^ 

beam untH they become parallel in the displacenart plane. 

69. A spectral interferometry method according to Qaim 66 or 67. wherein &e 
displacement means adjusts the lateral superposition of the two relatively displaced 
beams in the displacement plane onto the optical spectnrm dispersii^ means in order to 
enhance the strength of the signal for small optical path diff«:ence values, whereinlte 
lateral snpeiposition is from partial superposition to a total oveiiap. 

70. A spectral interferometry method according to any one of<3ainis 54 to 69, 
v^herein the displacing means relatively orients the relatively displaced olgect beam and 
the relatively displaced reference beam such that they hit different portions of 



71. A spectral interferometry method according to any one of Qaims 54 to 70, 
wherein the optical spectrum dispersing means comprises a diffraction grath^ wherein 
grating lines of the dif&action grating are peipendicuiar to a Une comiecting the oentis 
of the relatively displaced reference beam and the centre of the relatively displaced 
<^6ctb«im. 
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72. A spectral interfeiometiy method according to any one of Qaims 54 to 71, 
wherdn lie optical spectrum dispersing means coniprises a prism including an entraace 
surface, wherein a line connecting the centre of the relatively displaced reference beam 
and the centre of the displaced object beam, is within the plane defined by the nonml to 
the entrance surface of this prism and its bisectrix. 

73. A spectral interferometiy method according to any one of Claims 54 to 72, 
wherein the reference optics comprises at least one reflector arranged to provide a 
reference light source by reflecting a beam of the optical source, the method furtto 
comprising adjusting the position or tilt of the reflector in order to control the optical 
path difference of the relatively displaced object beam and the relatively displaced 



74. A spectral interferometty method according to any one of Claims 54 to 73, 
furaer comprising using a first zoom element in the object optics to alter the diamcta: 
of the object beam. 

75. A spectral interferometry method according to any one of Claims 54 to 74» 
further comprising using a third zoom element to altfir the diameter of tiw relatively 
displaced object beam. 

76. A spectral interferometry method according to any one of Claims 54 to 74. 
further comprising using a second zoom element in the reference optics to aMer fee 
diameter of the reference beam. 

77. A spectral interferometry method according to any one of Oafans 53 to 76, 
further comprising using a fourth zoom element arranged to alter the diameter ctfthe 
relatively displaced reference beam. 

78. A spectral interferometry method according to any one of Qaims 53 to 77, 
wherein the displacement means creates an adjustable gap between the two relativrfy 
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displaced beams .in order to adjust the midmum optical path difference value for which 
a modulation of the optical spectrum could be sensed at the reading element 

79 A spectral interferometiy method according to Gaim 78, v/herein interference 
betweenlhetwo relatively displaced beams in the interferometer takes pJace entirely on 

the said reading elemefflL 

80. AspectraIinterferometrymethodaccordingtoanyoneofClaims53to79. 
wherein interference between the two relatively displaced beams is arranged to tate 
place partially on the said reading element and partially on the said optical ^ectnim 
dispersing means. 

81 A spectral interferometiy method according to aiiy one of Qaims 53 to 80. 
further comprising using focusing elements in the object optics to enhance the dgnd 
strength fix)m a particular depth within the olg«± 

82. A spectral interferometry method according to any one of Claims 53 to 81, 
further comprisii^ 

using beam spHtting means to receive the object beam and fee refaxnce beam 

and to produce a second object beam and a a 
using SI 

object beam and the second reference beam to produce a second relatively dig,laced 
object beam and a second relatively displaced reference beam. 

using second optical spectrum dispersing means arranged to receive tiie second 
relatively displaced object beam and the second relatively displaced reference beam, 
and to disperse their spectral content onto a second reading element; 

wherein in use the combination of the second displacing means and the second 
optical spectrum dispersing means creates a second intiinsic optical delay between ^ 
wavetrains of tiie second relatively displaced object beam and the second lelativcfy 
dig,laced reference beam which can be used with the optical paa difference in the 
interferometer to generate a chamrelled spectrum for the critical path dififewaice in tte 
interferometer on the second reading eiemert. 



g second displacing means arranged to displace at least one of tiie sec«id 
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83 A spectral mtaferomeky method according to Claim 82. v/herein the second 
displacingmeansprod.ce Ihe second relatively displaced object beam and &e second 
relatively displacedreference beam bynsing one oracombinationofreflection. 
deflection and refraction of at least one of Ihe second object beam and the second 
reference beam. 

84. A spectral interferometry method according to Claim BZ or 83. further 
con^prisiBg orienting the optical spectrum disposing means and the second optical 
dispersing means in such way that in combination with their respective relatively 
displaced object beam and rel^vely displaced referencebeam, the g.ectrally dispersed 

beams from the optical spectrum dispersing means and the second optical spec1i«m 
dispersing means exlnT)it intrinsic delays of opposite sigo. 

85. A spectral interferometiy method according to Oaim 84 when dependent on 
Claian 63 or any claim dependent on Oaim 63, wherein the second reading element 
provides a sigi^al to a second signal analyser, the method further comprismgpn>viding a 
profile of reflectivity versus optical path difference for the target object covering bo& 
signs of optical path difference values on the basis of signals onlpatfi^m the signal 
analyser and the second signal analyser. 

86. Aspectralinterf6rometrymethodaccoidingtoanyoDeofClafans82to85. 

wherein a signal output of each of the reading element and the second leading eleme^ 
is sent toaseparatefrequencyto amplitude converter, the apparirtus being .mangedsu^ 

that the output of one frequency to amplitude converter is summed to an inverted oulpiit 
of the other frequency to amplitude converter in ord^ to provide a signal strengft 
proportional to the axial position of a single layer olgect iirespect^ 

87 A spectral interferom^ method according to any one of Claims SZ to S6. 



using third beam spHtting means arranged between the displacing means and m 
optical spectrum dispersing means to receive the relatively displaced object beam and 
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Iherelatively displaced reference beam and to prodocc atHrd relatively <Kspla^ 

beam and a Ibiid relatively displaced reference beam; 

using third displacing means to adjust the relative displ^emfint of at least one of 
the third relatively displaced object beam and the third relatively displaced referen.^ 
beam; 

using third optical spectrum dispersing means to teceive the third relatively 
displaced object beam and the third relatively displaced reference beam, and to disperse 
their spectral content onto a second reading element; 

wherein in use the combination of the third displacing means and the third 
optical spectrum dispersing means is creates a third intrinsic optical delay between flie 
wveti ains of the thiid relatively displaced object beam and the third relatively 
displacedreference beam .vhich can be used with ihe optical path difference in the 
interferometer to generate a channeUed spectrum for the optical path difference in the 
interferometer on the third reading dement 

88 A spectral interferometry method according to Claim 87, wherein the third 
displacing means adjusts the relative displacement of at least one of the third relatively 
displaced object beam and the third relatively displaced reference beam using one «: a 
combination of reflection, deflection and refraction of at least one of the third rdativdy 
displaced object beam and the third relatively displaced refereiK^beiia 

89 A spectral interferometry method according to any one of Oaims 82 to 88. 
further comprising using a source that is a low coherence somce the output of whidi is 
send with a delayed replica by means of an optical dupKcat" 



90. A spectral interferometry method according to Claim 85, fiatiwr o 
arranging the signal analyser and the second signal analyser in such away ttat only two 



mam 



peaks are retained in total in the accumulated signal oulput of the signal analyser 
and the second signal analyser, and determining the thickness of the object on the basis 
of the difference between the maximum and minimnm ftequoicy of the two pedes 
arising at the oulpnt of one of the signal analyser and the second signal analyse whai 
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no other signal exceeds a threshold at fee output of the oib^ of the dgnal analj'ser and 
the second agnal analyser. 

91 A spectral interferometry method according to Qaim 85. forte con^iising 
arrangbgthe signal analyser and the second signal aaialyser in .uch a w that only two 
niain peaks are retained in total in the accumulated si^al output ofthe signal analyser 
^d the second signal aoalyser,and determining the tWclm^s of aie object on thehasis 
of the sum of the extreme frequencies of the signal analyser and ihe second signal 
analyserwhenthe signal exceeds a ihreshold only once in the output of each of the 
signal analyser and the second signal analyser. 

92 A spectral interferometry method according to Claim 90 or 91. forth« 
comprising using a thresh-holding circuit mounted at the output of each of the signal 
^alyser and the second signal analyser to discard non-essential peaks ^vhich represert 
noise and peaks from the target object of smaller amplitudesbsuchaway that only tw^ 
main peaks are retained in total in the accumiilated signal output of the signal analyser 
and the second signal analyser. 

93. Spectral interferometey ^paratus. con^rising an interferometer ad^tedtobe 
excited by an optical source, the said interferometer compiiang: 

a first optical path leading from the interferomclBr to a taiget object; 

a second optical path leading a reference Kght beam to displacing meaj»; 

interface optics adapted to toansfer an optical beam from Ihe optical source to flie 
target object along the first optical path, to transfer an optical ou^ut beam fromttie 
target object back to the interferometer along the said first optical path, and to tranafcr 
said optical output beam along a third optical path to the displacing meam to produce an 
object beam; 

reference optics adapted to transfer the reference beam to the displacing meaos 
along the said second optical path; 

the displacing means being adapted to reflect the object beam aru! Ae ref««iice 
beam in order to relatively displace the object beam and the reference beam to produce 
a relatively displaced object beam and a relatively displaced reference beam, v 
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to is an optical paih difference betsveen the relatively displaced object beam and the 
relatively displaced reference beam generated in the interferometer, 

optical spectrum dispersing means adapted to receive the two relatively 
displaced beams, and to disperse their spectral content onto areading element; 

wherein in use the combination of Ihe displacing means and the optical ^ectrum 
dispersing means is arranged tD create an intrinsic optical delay between the wavetrains 
of the two relatively displaced object beam and ^^erelatively displaced ref™cebeam 

which can be used with the optical path difference in the inteifm>met« to generate a 
chaimelled spectrum for the optical path diffei-ence in the interferometer on &e reading 
element; and 

processbig means adapted to control the optical path difierenoc between U» 
relatively displaced object beam and the relatively displaced reference beam in the 
interferometer as well as the intrinsic optical path diilerence between the same beams. 
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